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Abstract
EFFECTS OF REPRODUCTIVE EXPERIENCES ON AGE-RELATED NEURAL AND BEHAVIORAL
CHANGES IN FEMALE RATS
by
Saranna K. Belgrave

Advisor: Victoria N. Luine PhD
The experiences of motherhood, pregnancy, birth and postnatal care, are associated with neural and
behavioral changes. Female rats undergoing multiple bouts of motherhood (multiparous) have been
shown in some, but not all studies, to have a dampened HPA axis stress response, changes in some
hormone levels and better performance on spatial memory tasks compared to age matched females who
have not given birth (nulliparous). Moreover, some of these changes extend into old age, approximately
24 months old. Thus, parous rats provide a unique, physiological model in which to investigate neural and
hormonal factors that may contribute to cognitive decline and other changes with aging. Subjects
investigated were 2-4 months old nulliparous, 10-12 months old nulliparous and 10-12 months old female
Fisher 344 (F344) rats. In the first study, we found nulliparous young females had significantly better
spatial memory on the object placement task than the nulliparous middle-aged females and that the
multiparous middle-aged females were not different from the nulliparous young or middle-aged groups.
Thus parity partially mitigated the age dependent decrease in spatial memory found in nulliparous
females.
No differences in anxiety between any groups were noted on the elevated plus maze (EPM). Thus,
multi-parity may have long lasting effects on spatial memory, but not on anxiety. In addition, serum
oxytocin levels were assessed since oxytocin is known to contribute to maternal behavior and to mood,
and levels are increased during pregnancy and lactation. Circulating oxytocin did not differ between
groups. Similarly, basal serum corticosterone was not different in the groups. Possible mechanisms
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underlying these behavioral effects were investigated by measuring dendritic spine density in the
hippocampus, the prefrontal cortex and the amygdala. Apical and basal spine density in hippocampal
CA1 pyramidal cells of young virgins and multiparous females was higher than in the middle-aged
nulliparous females. In the prefrontal cortex, apical spine density of hippocampal cells layer II/III showed a
similar pattern as the hippocampus, but no significant differences were present in basal spines.
Consistent with anxiety results, there were no significant differences in spine density in the medial
amygdala, an area that contributes to anxiety regulation. Thus, the preservation of spine density in parous
females may contribute to the mitigation of spatial memory loss at middle age.
Because olfaction is a necessary component of maternal behavior and the olfactory bulb shares
connections with memory and emotion centers, another cohort of female rats were assessed for olfactory
behavior. Using an acuity task and an olfactory habituation/dis-habituation task, olfactory sensitivity was
assessed. Anxiety was further investigated by testing closer to weaning of the last litter, using additional
anxiety measures and assessing before other behavior test. As in the first study, no difference between
groups was found on the EPM. In addition, the latency to approach an object was not different between
groups. In contrast, nulliparous middle-aged females exhibited significantly more rearing compared to
multiparous middle-aged females and significantly more wall climbing than nulliparous young females.
Thus, some effects of parity on age-related increases in anxiety were noted. Corticosterone was lower in
nulliparous middle-aged females as compared to multiparous middle-aged females following acute
restraint stress indicating that multiparous middle-aged females appear to be more sensitive to restraint
stress and exhibited a larger stress response.

In olfactory assessments, no differences between groups were found on the acuity task. All groups also
significantly habituated to the odor, but, in habituation 3, multiparous females spent significantly less time
with the presented odor compared to nulliparous young females. This result suggests that olfactory
sensitivity in multiparous females is impaired compared to young nulliparous females. While there were
no differences in spine density of the semi-lunar cells in layer II/III of the piriform cortex, mitral cell number
in the olfactory bulb of multiparous middle-aged females was significantly lower compared to nulliparous
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young females. Thus, both behavioral and morphological data suggest that parity may be detrimental to
olfactory sensitivity as female's age.
Overall, these results suggest that the motherhood experience confers some neuro-protective effects that
attenuate some of the negative aspects of cognitive aging. Parity preserves spine density in the
hippocampus and prefrontal cortex as well as spatial memory in reproductively experienced females as
they age. Parity does not appear to attenuate anxiety long-term. The benefits of parity do not appear to
extend to the amygdalar or semi-lunar cells of the piriform cortex. Long-term effects of parity on olfactory
behavior need further investigation because the current results were inconclusive. In conclusion, parous
females therefore may offer valuable insights into the aging process, could serve as a unique and useful
model for studying aging in general and for understanding how reproductive experiences influence female
aging.
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Chapter 1:
•General Introduction
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General Introduction
In the United States, as reported by the US Census Bureau in 2014, there are 40 million people
who are categorized as aged. Though this number is large, it is projected to triple by the year 2050
(Kinsella & He, 2009). Of even more importance is the fact that a significant number of this aged
population is female. Aged females outnumber men where there are 89 men per 100 women aged 65-69
and 38 men per 100 women aged 90 and over (U.S. Census Bureau, 2014). Investigating how we age,
and how to potentially alleviate negative aspects of the aging process grows in importance as aging
population numbers rise.
In aging research, the typical rodent models used are male. Considering survival rates are
sexually differentiated in the aged, using male rodent models is neither fully accurate nor effective.
Further emphasizing the importance of sex in biological systems, the National Institutes of Health (NIH)
has recently in veiled policies to ensure that preclinical research funded by the US NIH includes both
females and males (Clayton & Collins, 2014).
The National Institute of Aging (NIA) does maintain female rats in their aged colonies for these
rats however, have had no reproductive experience. This is a potential problem in the model because the
average human female, during the course her reproductive years will have at least two motherhood
experiences (Monte & Ellis, 2014) and female rats typically have many litters. Utilizing an aged female
that has had no reproductive experience, addresses the issue of sex, but falls short of being an accurate
model for of the average aged female.
Aging results in the gradual deterioration of physical, hormonal and cognitive functions (Bories et
al., 2013; Vanguilder et al., 2012; Calabrese et al., 2013). The decline in ovarian hormones contributes to
some of the deficits seen in females (Acosta et al., 2013). Deficits in memory, specifically spatial memory,
and spine density are prominent (Luine, Wallace & Frankfurt, 2011; Wallace et al., 2007; Rosenweig et al.,
2003; Vanguilder et al., 2012; Kinsley et al., 1999; Pines, 2014; Mott & Pak, 2013; Ryan et al., 2013). In
the aging brain there is a decrease in neurotrophic molecules such as BDNF and the molecular
processes associated with its expression decrease. BDNF and other neurotrophic molecules are
important in that that they are associated with neuronal plasticity, which directly affects physiological and
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cognitive function (Calabrese et al., 2013). Multiparous females (females having had numerous
motherhood experiences) have higher hippocampal BDNF levels than age matched multiparous females
(Macbeth et al., 2008a) suggesting that parity effects on BDNF are long lasting.
A distinct characteristic of human female aging is menopause, which is a cessation of menstrual
cycling, along with symptoms including but not limited to increased risk of cardiac disease, fatigue,
depression and poor memory (Kopenhager & Guidozzi, 2015). But aging does not always result in
drastic deficits, or cognitive decline. There are many factors that can contribute to better aging, or an
attenuation of predicted deficits. Things such as education level (Erickson et al., 2012), exercise
(Erickson et al., 2012; Angevaren et al., 2008) and as described in the research in this thesis,
reproductive experience can alter the aging process, in many cases for the better. Aging associated
deficits in human females is also seen in aging rodent females, where estrapause (or senescence is
accompanied by cognitive decline. Markowska and Savonenka (2002) showed that Ovariectomized F-344
female rats exhibit deficits in working but not reference memory, which can be rescued with chronic
estrogen replacement therapy that mimics normal estrogen fluctuations during the estrous cycle.
Cognition and Aging
In female rats, the decrease in estradiol levels and increase in estrone levels in the central and
peripheral systems at estrapause have significant effects on neural function (Mukai et al., 2010). In aged
females (19-24 months old), there is impairment of recognition memory and a decrease in dendritic spine
density in the prefrontal cortex (PFC) (Wallace et al., 2007; Luine & Frankfurt, 2012) reduced
neuroplasticity (Calabrese et al., 2013), changes in estrogen mediated plasticity in the hippocampus
(HIPP) (Mukai et al., 2010; Hasegawa et al., 2010) and HIPP dependent memory (Bayer et al., 2015;
Luine et. al. 2011). Estrogen has been shown in multiple studies to affect the concentration of dendritic
spine density in the CA1 region of the HIPP, and behaviors associated with this region of the brain
(McClure, Barha & Galea, 2012; Mukai et al., 2010; Murphy & Segal, 1996; Gould et al., 1990).
Considering that estradiol is involved in the functions mentioned previously, the decrease in levels
following menopause and estrapause most likely contributes to the negative effects of aging.
Oxytocin with Aging
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Oxytocin's (OT) production, circulation, and receptor expression and function are also altered with
age (Davies et al., 1990). Studies have also shown that OT is modulated by estrogen, where estrogen
increases OT binding in the hypothalamus (McCarthy, 1995). The decrease in estrogen both from the
gonads and in the brain along with differential function with age post-menopause also may affect this
dynamic relationship (Ebner et. al., 2015). OT's role in stress responsivity and attenuation of the stress
response is also important to consider in relation to age-related deficits.
Corticosterone (CORT) and Anxiety with Aging
In aged rats, HPA axis stress responsivity and the production of associated hormones changes
(Cizza, 1995). Aged rats have higher basal levels of corticosterone (CORT) and have a longer secretory
period following stress tan younger rats (Bowman, 2006). The HIPP has a large number of glucocorticoid
receptors and plays a significant role in HPA axis responsivity. Various rat strains also exhibit somewhat
different responses to stress at both young and older ages. F344 Fischer rats, used for the studies done
in this thesis exhibit larger peaks in their HPA response compared to F344/ Brown-Norway F1 hybrid rats
(Segar et al., 2009). In the same study it was observed that with age there is also an increase in the
variability of response where F344 rats were more variable (Segar et al., 2009).
Olfaction and Aging
Loss of olfactory ability is a common occurrence in aging human populations, more specifically, in
two-thirds of the older human population between the ages of 65 and 80 years (Doty & Kamath, 2014),
but it is not a result of one singular factor. There is a combination of contributing factors to olfactory
deficits seen in aging populations including the decline in the regenerative capacity of the basal
epithelium (Loo et al., 1996), medications, distribution and density changes in olfactory receptor proteins,
ions and signaling molecules, dental and sinus problems (Rawson, 2006), ossification of the cribiform
plate foramina and neurodegenerative diseases such as dementia and Parkinson’s disease (Doty &
Kamanth, 2014). In addition aged rats, both male and female, are less reactive to predator odors
compared to younger rats (Hunt et al., 2011). Considering the importance of the role that hormones play
in facilitating maternal behaviors and maternal olfactory adaptations, multiple bouts of pregnancy may
result in long lasting changes in olfactory ability (both acuity and sensitivity) in multi parous females.
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Considering the deficits and risks for disease that can accompany aging, research that is geared
to attenuate the negative effects of aging is important. Existing research in this lab and others indicate
that reproductive experience can attenuate the negative effects of aging (Li et al., 2013; Gatewood et al.,
2005; Kinsley et al., 1999; Barha & Galea, 2011) and studies in this thesis will further investigate effects
on parity on aging.
Parity
Parity is the unique experience of motherhood, which includes pregnancy, birth and post-partum
neo-natal care. It is a significant cluster of hormonal events occurring during gestation and post-partum
during the reproductive years of a female. This combination of events includes a complex interplay of
hormones, behavior and physiology. During both pregnancy and the postpartum increased levels of
circulating hormones, including but not limited to include estrogens, progestins, oxytocin (OT) and CORT
(Kinsley, 2012). These hormone increases are accompanied by behavioral changes, including but not
limited to maternal behaviors, and changes in stress responsivity (Furuta & Bridges, 2009; Pawluski et al.,
2009; Kinsley et al., 2012; Lambert et al., 2005; Daniel & Bohacek, 2010). Because these behavioral
changes can be long-lasting, understanding the mechanisms mediating them is critical to further
elucidating the degree to which parity may mitigate the aging process. Thus multiparous females have
been proposed as a unique model for female aging (Daniel & Bohacek, 2010; Kinsley, 2006).
Parity by definition is a multi-faceted change for the female; hormonal, olfactory, auditory, tactile
and responsibility changes occur (Woodside, 2006). From pregnancy, birth, to postpartum pup care, the
physical and cognitive demands for females change depending on what is needed and necessary for the
survival of the mother and her pups in a given environment. For an animal to be able to survive and
function in this maternal capacity, behavioral flexibility and neuroplasticity is critical.
Parity can be further categorized into degrees. Females that have never been pregnant or given
birth are nulliparous. Females that have only given birth and cared for a litter once are primiparous. Lastly,
females that have given birth multiple times and raised multiple litters are multiparous. This thesis will
focus on multiparous females in order to investigate differences and/or similarities that accompany
reproductive experiences as compared to nulli-parous females who lack that experience.
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The Parous Environment
Previous studies in this lab and others confirm that parous females exhibit a variety of behavioral
changes, of which the most obvious is a shift from self-directed behaviors to pup-directed maternal
behaviors (Kinsley et al., 2012). These maternal behaviors include, but are not limited to nest building,
ano-genital licking to stimulate waste elimination, lactation, foraging and retrieval (Lambert, 2005;
Scanlan et al., 2006; Kinsley et al., 2012). The behaviors are done with the goal of successful survival for
the young. The mechanisms that facilitate these behavioral changes still need further investigation and
are one focus of the current experiments.
A contributing factor to the uniqueness of the maternal experience is the stimulus-rich
environment that pups create. Enriched environments have been shown to cause morphological changes
in rat brains, under non-parous conditions (Leger et al., 2014; Baroncelli et al., 2010; Sale et al., 2009),
and since the postnatal environment is stimulating, morphological changes may occur in parous females’
brains. Giving birth and caring for newly born young presents a very challenging environment in order to
meet the specific needs of the pups (Brunton & Russell, 2008). These demands include feeding, which
requires lactation and successful arch-back posture, nest building to protect the pups and foraging for
food for example. All of these behaviors are energetically expensive. The need of the young to be
nourished requires the accommodation of those needs with the appropriate behaviors and forces a
necessary change in behavioral output for the pups to survive. Thus, the environment created between
mother and pups can in fact be viewed as bi-directional where the uniquely stimulating environment , in
addition to the hormonal changes may initiate behavioral plasticity, better spatial memory, a reduction in
anxiety (Sampedro-Piquero, 2013; Stamatakis, 2015) and a functional specialization of olfactory ability
(Levy, Keller & Poindron, 2004).
Parity and Hormones
As discussed earlier, hormonal secretions change during pregnancy and he post-partum period
and can affect a variety of functions including neuroanatomical (Woolley & McEwen, 1993; Pawluski &
Galea, 2006a; Gould et al., 1990), behavioral (Macbeth & Luine, 2010; Kinsley, 2008) and psychological
functions. Progesterone is responsible for increased vascularization of the pelvic area during pregnancy
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and maintenance of pregnancy. CORT is associated with stress and OT is associated with spontaneous
labor, expulsion of the fetus, milk let down response and maternal/fetal bonding. Relaxin steadily
increases throughout the pregnancy and is responsible for facilitating loosening of joints especially hip
joints for birth. Human chorionic growth hormone (hCG) is detectable early in pregnancy and is thought to
be associated with nausea and vomiting in the first trimester. Prolactin is a typically involved in milk
production and development. It has also been found to play a role in maternal behavior through action in
the brain, and increased prolactin receptor expression occurs in areas of the maternal brain associated
with maternal behavior (Larsen & Grattan, 2012).
During pregnancy, the circulation of estrogens in the body reaches levels that are much higher
than baseline levels found in non-pregnant females (Picciana, 1993). The three known estrogens that
play a role in pregnancy and birth in both human females and rodents are estrone (E1), estradiol (E2) and
estriol (E3). As fetal development progresses there is a gradual increase in estrogen (estradiol and
estriol) levels until the levels peak near the end of gestation, just before parturition (Soldin et al., 2005).
Following birth there is a dramatic decrease in levels (Soldin et al., 2005). Fig 1 and 2 from Soldin and
colleagues (2005) illustrates the hormonal levels during pregnancy, parturition and the postpartum period
for human females. Levels trough as soon as 4 days post-delivery (West & McNeilly 1979; Willcox et al.,
1985). Estriol, a hormone primarily seen in larger amounts during pregnancy, increases levels during the
course of gestation, but these levels drop shortly after birth (Woodside, 2006). Estradiol levels gradually
increase during the course of pregnancy along with OT and then decreases following parturition. Estrone
is typically found in higher circulating concentrations after menopause (Watson, Alyea, Cunnigham &
Jeng, 2010) and is associated with a decrease in estradiol levels.
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Figure 1. Serum steroid hormone concentrations during pregnancy in humans, (figure from Soldin et al.
(2005)).
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Figure 2. Steroid hormone concentrations (ng/mL) during pregnancy and post-partum year 1 in humans,
(figure from Soldin et al. (2005)).
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Progesterone is thought to play a significant role in the onset of birth, although the mechanism
differs with different species. In rodents, towards the end of gestation, when spontaneous labor is
expected to occur, progesterone levels decrease, as OT and estrogen levels increase (Puri & Garfield,
1982). This synergistic relationship between hormones destabilizes the inactivity of uterine muscle tissue,
which is necessary for the maintenance of pregnancy, and plays a role in the onset mechanism for the
initiation of the birthing process (Watson, Alyea, Cunnigham & Jeng, 2010; Puri & Garfield, 1982). This
onset is often described as "progesterone withdrawal" (Sheng & Xue, 2010; Zakar & Hertlendy, 2007;
Mesiano, 2007), alluding to the emphasis in the importance of the decrease in progesterone levels,
promoting contractility and therefore labor onset (Smith, Mesiano & McGrath, 2002) (See figures 3 & 4).
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Figure 3. Percent of the highest value of maternal hormones during pregnancy from week 0-40.
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Figure 4. Estradiol and progesterone levels (ng/mL) from day 0-20 of gestation in the rat (Chung, Yeung
& Leinwand, 2012).
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CORT levels increase gradually throughout pregnancy and peak just prior to birth (Yoshida et. al.,
1981). It is plausible that the increase in CORT levels in serum and amniotic fluid are due to the
emotional and physical stress of laboring (Yoshida et al., 1981). Post parturition, CORT levels exhibit a
many fold increase compared to the early stages of pregnancy (Noguchi, 1998). When considering stress,
and assuming that there is a positive relationship between stress and circulating CORT levels, the onset
of labor coincides with a spike that does not immediately decline post birth. Levels remain high and there
can be a post-natal increase, which increases in litter size (Myers et al., 1975).
Thus, given that hormone levels are elevated over an extended period of time (the duration of a
pregnancy and the postpartum experiences of lactation and neonatal care) and that hormones modulate
brain structure, function and behavior, hormones are key players for understanding the resulting effects of
parity (Behl, 2002; Behl, et al., 2000; Correia, et al., 2010; Kinsley, 2012).
Parity and Stress
Females have a differential response to stress compared to male rats (Galea et al., 2008)
showing a larger HPA axis stress response as compared to males (Goel et al., 2014). In non-stressed
animals, estrogen seems to facilitate HIPP dependent memory acquisition and performance (Conrad et
al., 2004). In a study done by Conrad et al (2004) females that underwent an acute stress (1-hour
restraint stress) performed better on a spatial memory task (Y-Maze) than males regardless of their stage
in the estrous cycle (the experiment focused on proestrus and estrus phases). Females seem to respond
positively to acute stress in that they show enhanced spatial memory ability when compared to males
(Conrad et al., 2004). Estrogen exerts positive effects on cognition in females (Sherwin, 2005; Luine,
2014). The estrous cycle with its cyclical increase in circulating estrogen influences hippocampal
dependent cognitive function (Bayer et al., 2015; Luine & Frankfurt, 2013; Jacome et al., 2010). Thus,
estrogen may be playing some influential effects in responsivity to acute stress in females.

The postpartum experience is stressful and anxiety provoking. Research shows that the novel
environment that rat offspring present to the mother is stressful. Not only are there new behavioral
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demands for the mother, but there are also physiological stresses such as lactation. However, several
studies have shown decreased anxious behaviors with motherhood (Fleming & Luebke, 1981; Hard &
Hansen 1985; Leuner & Shors, 2006; Wartella et al., 2003; Vilela et al., 2012). However, there is a lack of
consensus on this issue because other studies have found that there are increases in anxious behaviors
in primi-parous females (Rima et al., 2009; Byrnes & Bridges, 2006), or no effect on anxiety (Macbeth et
al., 2008). There are several reports that decreased anxiety is dependent on the degree of parity and
pup/dam interaction (Lonstein, 2005; Russell et al., 2001; Lambert et al., 2005). Despite the lack of
agreement in the literature, many findings related to responsivity to multiple stressful events are
consistent with the idea that parity decreases anxiety. Babygirija and colleagues (2012) showed that
rodents, when exposed to a homotypic stressor, such as parturition and neonatal care, become
habituated to the stressor. Sekiyama and colleagues (2013) found that during postpartum lactation was
accompanied by high levels of serotonin in the blood and low anxiety dues to a possible excitation of the
5HT system by lactation-induced brain oxytocin release. The HPA axis response, (which is associated
with anxiety (Babb et al., 2014) becomes attenuated to that recurring stressor and does not peak as
highly. Anatomical correlates for anxiety may most likely involve the medial amygdala is paramount
because it is functionally associated with maternal behavior, emotion, fear, and mediates hormonal
function (Byrnes et al., 2013; Bosch & Neumann, 2012). Thus it is a key place to look for possible long lasting changes resulting from parity.
From an evolutionary/behavioral perspective, the decrease in the stress response in parturient
females is advantageous and provides a physiological means by which to attenuate unavoidable stress
and anxiety. Decreased stress responding thus provides a tool to increase chances for survival of those
pups and, on a larger scale, a species.
Parity and Oxytocin (OT)
OT is a peptide that is produced in the supraoptic and paraventricular nucleus of the
hypothalamus and released from the posterior pituitary gland. OT is typically associated with reproduction
in that it stimulates the smooth muscle of the uterus and breast tissue to facilitate fetal expulsion (during
labor), placental expulsion, milk let down (lactation); It is also associated with maternal/paternal bonding
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(McCarthy & Altemus, 1997; Champagne et al., 2001). During pregnancy there is a peak in OT levels and
OT receptor expression peak at fetal and placental expulsion. The levels drop as early as one-hour post
parturition. During lactation and the milk let down response, OT levels increase as a part of a positive
feedback loop that facilitates the ejection of milk during breast-feeding.
OT's role during the maternal experience is not singular. It also plays a role in the HPA axis
response and stress responsivity and may serve to attenuate elevations in CORT and to dampen anxious
behaviors (Macbeth et al., 2008b). Windle et al. (1997) found that intracerebroventricular infusion of OT
caused a significant decrease in CORT and anxious behaviors (specifically rearing behavior) assessed
on the elevated plus maze. Thus, OT attenuation of the HPA axis stress response in the context of the
maternal experience is allowing parous females to function in the postnatal environment without anxiety,
or with reduced anxiety. As previously mentioned, the postnatal environment is a stimulating, stressinducing environment. Brain OT release and synthesis is significantly elevated during the post-partum
period (Kendrick & Keverene, 1992; Neumann & Landgraf, 1989). In addition, during birthing and lactation
there is increased OT receptor expression and binding (Freund-Mercier, Stoeckel & Klein, 1994; Insel,
1990).
OT may also influence cognitive function. Weigand et al (2013 found that OT may be facilitating
better recognition memory performance of women by affecting the perception of negative stimuli
associated with the memory being formed. Giving birth, creating a nest, lactating and feeding neonates
as well as foraging for food to meet the energetic demands of motherhood are labor-intensive behaviors
that require attentiveness, and other cognitive enhancements. Meeting all those demands are also stress
inducing because they are cognitively and physiologically demanding. The ability of OT along with
estrogen (and serotonin) to lessen the intensity of a stress-induced response is a necessary one for ideal
management of the demands of motherhood (Stamatakis et al., 2015).
It has been established in previous studies that brain OT activity is strongly associated with
maternal behavior and as discussed above modulation of anxiety behaviors (Bosch, 2011). Gonadal
hormones like estrogen can also modulate stress responsivity (HPA axis responsivity) (Kudwa et al.,
2014). Estrogen increases circulating OT levels, as well as OT receptor expression in the brain (Perry,
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Paramadilok & Cushing, 2009). OT also modulates anxiety during development by acting in the paraventricular nucleus (PVN), the ventromedial hypothalamus (VMH) and the medial pre-optic area (MPOA),
all areas of the brain associated with some aspect of the parous experience (Bosch, 2011). Johnson,
Coirini, Ball & McEwen (1989) examined the effects of estradiol on the relationship between endogenous
levels of OT and its ability to bind in the brains of ovariectomized (OVX) females. They found that
increased levels of estrogen in the ventro-lateral region of the VMH yielded increased binding of OT,
maximal uterine growth and an increase in pituitary progestin receptor binding. In addition, in more rostral
regions of the VMH, the increased binding was dose dependent. Interestingly it was found that the OT
level and activity increases in these brain areas are result from estradiol’s action on the peptide itself and
not its transcription. OT may possibly be executing its promoting behavior through manipulation of the
peptide and or its affinity to the OT receptor (Shughrue, Dellovade & Merchenthaler, 2002). These studies
illustrate very important dynamics between estrogen and its ability to change receptor-binding activity.
Estrogen appears to enhance the reactivity of circulating OT (Johnson, 1992). This relationship is further
supported by the fact that during late pregnancy, parturition and lactation, estradiol, prolactin and OT rise
and stay elevated while progesterone drops, and there are behavioral changes such as decreases in
anxiety associated behaviors (Bosch, 2011; Kudwa, 2014).
The amygdala, another brain region that is associated with maternal behavior, is also responsive
to hormones; adrenal hormones (Akbari et al., 2013; Roozendaal et al., 2008; Aguggia et al., 2013).
Gonadal hormones can elicit dendritic spine density changes in the amygdala (Rasia-Filho et al, 2012).
The ability of hormones to effect morphological and behavioral changes lends credibility to hormones
facilitating the changes accompanying parity because of the varied hormonal increases that accompany
motherhood.
Parity and Estrogens
As previously discussed, estrogens are increased during (pregnancy). It is important to note that
gonadal hormones enhance memory along with the behavioral modifications associated with maternity.
Estrogens can also cause acute changes in brain chemistry and morphology (Genazzani et al., 2007) and
increase spine density in the HIPP and PFC, areas of the brain associated with spatial memory and
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cognition (Luine & Frankfurt, 2012; Luine & Frankfurt, 2013; Gatewood et al., 2005; Kinsley et al., 2006;
Keenan, 2001). In addition, female rats undergoing multiple bouts of motherhood exhibit better spatial
memory as compared to age-matched females who have not given birth (Macbeth et al., 2008; Macbeth
& Luine, 2010; Cost et al., 2013; Love et al., 2005). These findings are consistent in different memory
task paradigms including the object placement task (Macbeth et al., 2008) implying reliability since the
results are replicable independent of the specific spatial memory task. From the perspective of
evolutionary enhanced spatial memory facilitates the females’ efficient and accurate foraging skills.
Finding food and being able to return to the nest are crucial in the survival of the dam and her young
(Kinsley et. al, 2014). These new and important demands made on the female affect a behavioral change.
This behavioral plasticity is mechanistically fueled by some functional and morphological changes in the
maternal brain.
Parity and Olfaction
Olfaction plays a critical role in maternal behaviors. The ability of a female to recognize and
identify her pups is important to their survival. Discussion of olfaction will be in the context of rodents
considering the experiments in this thesis utilized a rodent model, but some human data will be discussed
for comparison and supportive ideas.
The olfactory system in rodents plays a critical role in normal day to day function as well as in
specific environmental and social contexts including, its role in reproduction (Krames et al., 1973; Petrulis,
2013), food choice and foraging (Prud’homme et al., 2009) and olfactory learning/memory (Otto &
Eichenbaum, 1992). Hormones can alter aspects of brain function and structure, metabolic activity and
body fluid adjustments for example in an adaptive capacity (Russell et al., 2001; Kinsley et al., 2012).
Olfactory function is one of the chemosensory abilities subject to adaptive changes (Tobin et al, 2010). In
a study by Balog and colleagues (2001) it was shown that increases in circulating estradiol are associated
with an increase in the number of neurons in the basal layer of the accessory olfactory bulb (AOB) as
indicated by c-FOS expression. Hypothalamic paraventricular oxytocin modulates mitral and granule cell
firing in the main olfactory bulb (MOB)(Yu et al., 1996; Poindron et al., 1988) and the onset of maternal
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behavior (Poindron et al., 1988; Levy et al., 1992; Jirik Singh & Hofer, 1978). These data exemplify some
key hormone induced alterations in olfactory function and structure.
Hormones facilitate adaptive changes associated with reproductive experience on many levels
and olfaction is one of them. OT, secreted by the posterior pituitary, plays various roles in motherhood; it
is commonly associated with parturition, maternal bonding and lactation. Wamboldt & Insel (1987)
showed that estrogen primed OVX female rats rendered anosmic via chemical manipulation (zinc-sulfate
intranasal irrigation) would exhibit maternal behaviors when given intracerebroventricular OT. OT also
supports synchronized burst firing for pulsatile OT secretion in response to stimulation from the birth canal,
olfactory system or nipple stimulation (Russell et al., 2001). Yu et al. (1996) found that OT infusions
directly into the bulb induced rapid onset of maternal behaviors, including retrieval, licking, nest building
and crouching. Jirik Singh & Hofer (1978) also showed that active binding sites in the olfactory bulb are
associated with the onset and maintenance of nipple attachment. These data together illustrate the
importance of the relationship between OT and olfactory function during the entirety of the motherhood
experience, from early pregnancy through post-partum.
Olfaction and Pregnancy Hormones in Humans
In human research, a similar trend of a relationship between hormones and olfactory ability is
evident. Olfactory ability was assessed in pre- and post-menopausal women and it was found that postmenopausal women exhibited olfactory deficits (Kopala et al, 1995). This indicates that hormones or the
lack thereof have a negative effect on olfactory function. These hormones (including, but not limited to,
estrogen) are also associated with the motherhood experience, and parous females are exposed to
elevated levels of these hormones at various time points during the course of pregnancy and postpartum.
Therefore, it would seem plausible that since hormones affect olfactory ability, multiple bouts of the
uniquely hormonal experience of reproduction and pup-care may cause changes (possibly long-lasting
changes) in olfactory function.
Hyperosmia, which is characterized by increased olfactory sensitivity and a decrease in olfactory
threshold for odorants, has also been reported in human females during pregnancy, though the research
on this topic is inconclusive (Cameron, 2007; Nordin et al., 2004). Much of the existing literature is from
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self-report and anecdotal data that report olfactory ability undergoes no adaptation during pregnancy and
postpartum (Cameron, 2014; Swallow et al., 2005; Kolble et al., 2001; Laska et al., 1996), although some
studies point to this phenomenon as having some credibility (Ochsenbein-Kolbe et al., 2007). There may
be a relationship between olfactory detection thresholds and circulating levels of estrogens (specifically in
cycling woman), but there is variation in the thresholds dependent on contributing factors like use of oral
contraceptives (See figure 10 from Cameron, 2014). Odor perception sensitivity reports are frequent
during the early stages of pregnancy when another hormone is circulating in large amounts, human
chorionic gonadotropin (hCG) which is correlated with reports of nausea and vomiting in women in
response to odors (Cameron, 2014). The relationship between olfaction, nausea and vomiting (i.e.
morning sickness) in the context of pregnancy can be viewed as an evolutionary adaptation that protects
the embryo by causing expulsion and avoidance of foods that may contain teratogenic and abortifacient
chemicals (Flaxman & Sherman, 2000).
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Figure 5. HcG and incidence of vomiting in pregnant women during the first trimester, (Cameron, 2014).
Data from. Also presented in Cameron EL (2014) Niebyl, J. R. (2010). Nausea and Vomiting in
Pregnancy. N. Engl. J. Med. 363, 1544–1550. doi: 10.1056/NEJMcp1003896 Shows the relationship
between the hormone Hcg and the incidence of vomiting in pregnant women during the first trimester.
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Olfaction in Rodents
The exact role of olfaction in maternal behaviors is not clear, but some studies show that olfaction
is crucial for the onset and maintenance of maternal behaviors in mammalian species (Yu et al., 1996;
Poindron, 2005; Poindron et al., 1988; Levy & Keller, 2009), while others do not. Infantile odors are strong
olfactory stimuli in the context of pup recognition by their caregiver. While there are no functionally
specific alterations to the AOB or the MOB, the MOB undergoes significant circuitry changes in relation to
maternal odorant cues and stimuli following parturition (Levy & Keller, 2009). Pup recognition is a
specialized behavior, crucial to mother-infant interactions (Poindron et al., 1988).
There may also be compensatory mechanisms that could affect behavioral outcomes following
experimental manipulation. Some studies show that bilateral bulbectomy in females prior to parturition
causes distinct disturbances in maternal behaviors (Schwartz & Rowe, 1976; Kolunie & Stern, 1995;
Benuck & Rowe, 1975). While others show that even after bulbectomy there is a normal onset of maternal
behaviors (Kolunie & Stern, 1995; Jirik-Babb et al., 1984). Gelhaye et al. (2011) found that young
females rendered experimentally anosmic exhibited behavioral alterations in mother-pup interaction
including a decrease in the retrieval and increase in pup licking. In contrast Gray & Chesley (1984) found
that in young weanlings who had been exposed to both pups and toys, the weanlings exhibited
spontaneous maternal behavior (arched back behavior with pups and not toys; chewed on toys but not
pups). Taking into consideration both sets of findings suggests that the act of giving birth and lactating is
not a requirement for the exhibition of maternal behaviors. Instead, there are numerous factors that
contribute.
Stress and Olfaction as a Part of the Reproductive Experience
Stress may play an indirect role in maternal behavior because it may alter responsivity to stress in
females. The postnatal olfactory environment is aversive to non-parturient females (Levy et al., 2004;
Rosenblatt & Mayer, 1995), especially pup-associated odors (placental and amniotic fluid odors) (Levy et
al., 1983; Kristal & Graber, 1976). In non- parturient females, a heightened response to a stressor is
exhibited, compared to control females and males (McCormick et al., 2005). This phenomenon is
observed across many species and is not specific to rodents. Stress responsivity of a female may be
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affecting her response to her pups, possibly facilitating and perpetuating a negative fearful response
(Mayes, 2006). Females learn to respond differently to the pup environment with continued experience
(Rosenblatt, 1975; Rosenblatt & Mayer, 1995; Gray & Chesley, 1984). Siegal & Rosenblatt (1980) found
this also to be true where females exhibited maternal responsiveness as a result of repeated exposures
to pups. The olfactory component of this response is highly relevant based simply on olfactory function in
the brain. The anterior piriform cortex (PC), an area in the primary olfactory cortex, functions to assess a
specific and unique firing pattern to identify an odorant as something specific (example: a pup). While the
posterior PC functions in an associative capacity, making associations with other factors, i.e. the pup
smell is associated with babies and feeding, nesting behaviors. The posterior PC receives projections
from the amygdala as well, implicating emotional memory with the olfactory sensory information (Sullivan
et al., 1993; Petrulis, 2013). So even though olfaction may not be the sole initiator of maternal behavior,
research suggests it plays a critical role (Rosenblatt, 1975).
Activation of the olfactory system increases medial amygdaloid nucleus neuronal activity, an area
of the brain largely associated with fear and emotion. Stimulation of the amygdala mostly inhibits medial
preoptic area neurons (an area associated with the regulation of maternal behaviors) and the onset of
maternal behaviors. Inhibition of maternal behavior in virgin females can be a result of olfactory
information regulating fear related behaviors induced by some fear mechanism rooted in the amygdala
(Levy et al., 2004). So, olfaction may not only be facilitating maternal behavior and pup recognition in
parturient females, but it may also be regulating fear response in virgin females.
Given the varied and inconsistent findings concerning the role of olfaction for the onset and
maintenance of maternal behaviors, further study is needed to further understand this possible
relationship.
Olfaction and the Brain
The olfactory sensory system is frequently described as being a straightforward circuit of sensory
information from the outside environment, through the periphery and into the brain for higher level
processing (See Figure 6). Odor processing does not consist of a singular molecule or item. Odor
perception of a thing/ object is a complex combination of multiple odorants that are perceived as specific.
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Odor and odor perception are also highly associated with memory and emotion (Bekkers & Suzuki, 2013).
Odor receptors bind odorants from the external environment; the sensory information is transported via
sensory neuron axonal projections to the glomeruli. Glomeruli are functional units of the olfactory bulb
and literally tangles of axons from both the OSN axonal projections and axons from mitral cells. The
sensory information is then passed via mitral cells that synapse on the glomeruli through the lateral
olfactory tract to the PC in the brain. Thus, the PC is one of the first brain areas to receive direct sensory
inputs from the environment; the information does not pass through relay stations such as the thalamus
first before higher level processing.
The PC is located on the ventro-lateral area of the brain near the lateral olfactory tract, which is a
myelinated tract that receives inputs from the MOB. The proximity of the PC to the lateral olfactory tract
made it an ideal area to examine for parity and age induced changes.
The olfactory system is also part of the evolutionarily older parts of the brain (paleo-cortex) as
well as part of the limbic system, having circuitry connections to the amygdala. These connections are
supported by the fact that olfactory function and perception is highly associated with emotion, fear and
memory as well. The olfactory bulb amygdalar connections facilitate the predator response (Martel &
Baum, 2009). For the study in this chapter, the brain areas investigated are the PC and the mitral cell
(MC) layer in the MOB.
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Figure 6. Layout of different populations in the piriform cortex, Bekkers & Suzuki (2013).
Data from Bekkers and Suzuki (2013) illustrating the layout of different populations in the PC and their
proximity to the Lateral Olfactory Tract (LOT), the circuitry and connectivity layout according to layer. The
acronym SL (semi-lunar cells) (C) indicates the cell population that was focused on in the current
experiment.
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The Relationship Between Multiparity and Aging
Considering the deficits and disease risks that can accompany aging, research directed at
investigating ways to attenuate the negative effects of aging is important. The average woman
experiences motherhood at least once in her lifetime (Monte & Ellis, 2014). This fact is often overlooked
when considering how women age and the observable effects of aging. Research in this lab and others
that indicate that reproductive experience can attenuate some of the negative effects of aging (Li et al.,
2013; Gatewood et al., 2005; Kinsley et al., 1999; Barha & Galea, 2011; Macbeth & Luine, 2008).
Based on these rationales, for these studies, nulliparous young females (NP Yng), multiparous
middle-aged females (MPMA) and nulliparous middle-aged females (NPMA) were used for the current
studies. The MPMA and NPMA conditions were selected to compare the effects of parity between
females who have had multiple parous events and females of a similar age who have never been
pregnant, as well as to confirm the findings of parity’s ability to mitigate spatial memory decline with age.
The NP Yng condition was included to look at these effects across the lifespan; to analyze differences in
the brain and behavior compared to middle-aged female rats (both MPMA and NPMA) It has been
established that parous rats perform better than the nulli-parous rats of comparable age on memory tasks
(Macbeth, 2010; Love et al., 2005; Woodside, 2006; Behl, 2002; Correia et al., 2010; Luine & Frankfurt,
2012; Kinsley, 2012). This data, along with reports of decreased anxiety, and data showing that these
benefits are long-lasting in multiparous females led to the proposal that multiparous females may make a
useful and unique model for aging in females.
Neuroanatomical, behavioral and hormonal parameters were investigated in order to better
understand the neural mechanisms underlying parity’s ability to affect the many behavioral changes
accompanying the motherhood experience. The aim is to better understand parity’s possible neuroprotective qualities in aging, and we propose that multiparous females make a unique model for aging
research in females. It is hypothesized that spatial memory performance of parous rats will be
comparable to young rats and they will also exhibit less anxious behaviors. Moreover, these behavioral
changes will be accompanied by a preservation of spine density in the brain areas responsible for spatial
memory performance. It is expected that the MPMA females will be more similar to young females than
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their middle-aged counterparts in behaviors, spine density in the HIPP and medial PFC as well as
olfactory ability because parity attenuates some aspects of the aging process for these characteristics.
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Chapter 2:
•Specific Aims of Study
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Effects of Reproductive Experiences on Age-related Neural and Behavioral Changes in Female Rats

The experience of motherhood, pregnancy, birth and neonatal care, is associated with neural and
behavioral changes in women and animal models. Female rats undergoing multiple bouts of motherhood
(multi‐ parous females) have been shown to have a dampened HPA stress response, reduced anxiety
and better memory as compared to age matched females who have not given birth (Macbeth et al., 2008b;
Macbeth & Luine, 2010; Neumann, 2001; Rima et al. 2009). In addition to the obvious role that the parous
female has in fostering and enriching her pups there are also benefits that motherhood may have on the
mother. The (mother) female herself can benefit from the stimulatory environment the pups create, and
this influential aspect of the motherhood experience is often ignored (Kinsley, 2008). In addition, the
sustained increases in hormones. Moreover, some of these changes have been shown to be maintained
into old age (Kinsley et al., 1999; Gatewood et al., 2005). We propose to investigate some of these neural
and behavioral changes in order to better understand the effects of parity on females as well as the
mechanisms responsible for the changes in memory, aging, anxiety and olfaction; and ultimately parity’s
neuro-protective qualities in aging.
AIM 1: Is parity neuroprotective for age-related losses in memory?
Nulliparous Young (NP Yng) female rats aged 2-4 months, multiparous middle-aged (MPMA)
female rats aged 10-12 months and nulli-parous middle-aged (NPMA) female rats aged 10-12 months will
be evaluated. All females will undergo the object recognition and object placement tasks for assessment
of recognition memory and spatial memory respectively. The prefrontal cortex and the CA1 region of the
hippocampus of the subjects will be stained using a Golgi impregnation technique to assess changes in
spine density, which may underlie the memory effects.
AIM 2: Does parity decrease age-related increases in anxiety?
Anxiety-like behaviors will be assessed using the open field task (OF), the elevated plus maze
(EPM) and latency to approach a novel object. All groups will be the same as in AIM 1 (NP Yng, MPMA
and NPMA females). Serum CORT (hormone associated with stress) and serum oxytocin (a hormone
associated with birth, milk let-down and the HPA axis stress response and is also anxiolytic) will also be
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measured. Spine density in the medial amygdala for all groups will be analyzed, considering that this
area is associated with anxiety and fear responses and has multiple connections to and nuclei from both
the main olfactory (MOB) and the accessory bulb (AOB).
AIM 3: Is parity neuroprotective for olfactory sensitivity and acuity?
All groups will be tested for both olfactory acuity and sensitivity. They will undergo an olfactory
acuity task called the buried food task, which assesses the ability to locate a cookie utilizing primarily
smell. Following this olfactory acuity task, an odor habituation/dishabituation task will be administered to
assess olfactory sensitivity.
In conclusion, experiments will determine the extent to which parity may influence behavioral
changes during aging and the mechanisms, which may contribute to those behavioral changes.
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Chapter 3:
Aim 1: Is parity neuro-protective for age-related losses in memory?
Aim 2: Does parity decrease age-related increases in anxiety?
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Introduction: Memory & Anxiety
As discussed in the general introduction, motherhood is accompanied by behavioral adaptations
to promote successful survival of the young.
In addition to maternal behavioral changes, behaviors that are “non-maternal”, but still beneficial
to offspring care are also altered during pregnancy and the post-partum period (Macbeth & Luine, 2009).
The most documented changes are in hippocampal dependent spatial memory tasks. Pregnant rats
show better learning and memory on the Morris water maze (Galea et al., 2000; Bodensteiner et al.,
2006), radial arm maze (Pawluski et al., 2006a,b,) and object placement (Macbeth et al., 2008, Cost et al.,
2014) tasks than non-pregnant rats, but performance of some tasks declines in late pregnancy. However,
enhanced spatial memory in parous as compared to nulliparous (never experiencing pregnancy and pup
care) rats is maintained throughout the postpartum and weaning period (Pawluski & Galea, 2006a,
Lambert et al., 2005; Macbeth et al., 2007), and some enhancements have been shown to extend into old
age, 24 months, long past any reproductive experiences (Gatewood et al., 2005; Love et al., 2005).
Enhanced non-spatial memory in multiparous rats as compared to age matched nulliparous rats has also
been reported (Macbeth et al., 2007). Enhanced memory in dams is beneficial because less time and
energy may be spent searching for food.
Anxiety related behaviors also differ among females depending on reproductive state. Both
pregnant and post parturient females have decreased anxiety-like behavior as measured in the open field
(Wartella et al., 2003) or the elevated plus maze (Neumann, 2001) compared to virgin, age matched
females. Most studies showing anxiolytic effects have focused on parturient females during lactation
(Fleming & Luebke, 1981; Hard & Hansen, 1985; Vilela et al., 2012). Whether, like spatial memory,
effects of anxiety are present for extended periods following birth remains unclear. Macbeth et al. (2008)
reported that 12-month-old multiparous rats (two months following weaning of the last litter) did not show
significant differences from nulliparous rats on the elevated plus maze. Age of the female may influence
anxiety because Byrnes & Bridges (2006) found that five month old primiparous rats (one pregnancy and
lactation; two months following weaning) showed less anxiety-like behavior on the elevated plus maze
and open field than age-matched nulliparous females, but this effect was reversed with aging since
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approximately 12 month old, primiparous rats showed increased anxiety as compared to nulliparous
females. In addition, changes in anxiety may depend on degree of parity (number of litters) and pup/dam
interactions (Lonstein, 2007; Russell et al., 2001; Lambert et al., 2005).
During pregnancy, lactation and the postpartum period, levels of several circulating hormones are
altered which may contribute to behavioral changes in the dams. For example, lower corticosterone levels
during pregnancy and the postpartum period may contribute to lowered anxiety in the mother (Tomizawa,
2003; Stern, 1973; Garland, 1987). In addition, there is a general dampening of the HPA axis, which may
protect the dams and offspring from the adverse effects of stress (reviewed in Macbeth & Luine, 2010).
On the other hand, estrogens are elevated during pregnancy and then decline at parturition (Watson et al.,
2010), and OT increases markedly in the final stages of pregnancy and remains high during postpartum
period. Estrogens enhance spatial and non-spatial memory (Luine, 2014) and exert anxiolytic effects
(Oyola et al., 2012). OT also has anxiolytic effects (Babygirija et al., 2012) and is known to promote
social bonding especially between mothers and offspring (Nagasawa et al., 2012). A recent study shows
that oxytocin and estradiol may interact to modulate HPA reactivity and anxiety-like behaviors (Kudwa, et
al., 2014).
The hormonal changes during pregnancy and the postpartum period may also underlie alterations
in brain morphology during these periods. Estrogens have long been known to increase spine density on
pyramidal cells in the CA1 region of the HIPP (CA1) and mPFC, areas of the brain associated with spatial
learning and memory (Gould et al., 1990, Luine & Frankfurt, 2012; Luine & Frankfurt, 2013). Consistent
with this observation, late pregnant and lactating females have significantly higher levels of CA1 dendritic
spines than females during all phases of the estrous cycle (Kinsley et al., 2006). The CA1 region also
shows increased spine density after exposure to corticosteroid from chronic stress (Conrad et al., 2012).
The amygdala, which is associated with both anxiety and maternal behavior, is also responsive to
corticosterone and shows increased spine density in basolateral nucleus and decreased spine density in
the medial amygdala nucleus following chronic stress (Bennur et al., 2007). Whether increased spine
density in the HIPP during pregnancy and lactation is long lasting or whether similar spine changes occur
in the PFC or amygdala is unknown.
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Thus, previous research in parous rodents shows that the experience of motherhood is
associated with behavioral and neural differences as compared to nulliparous females. Many of these
differences are similar to those seen in aged as compared to young female rats. For example, spatial and
non-spatial memory is compromised in aged nulliparous as compared to young nulliparous rats (Wallace
et al., 2007; Luine et al., 2011) similar to the poorer memory in nulliparous as compared to multiparous
middle-aged rats (Macbeth & Luine, 2010). Anxiety is also lower during pregnancy and the postpartum
period, which is consistent with the observation that anxiety increases in females during aging when
estrogen levels decrease (Frye, 2009). In addition, basal corticosteroid levels increase with aging and
stress levels show a slower return to basal levels (McEwen, 1999). This pattern is similar to the
dampening of the HPA axis during pregnancy and the postpartum period. Moreover, a recent study linked
higher HPA activity in aged rats with deficits in spatial working memory and decreased PFC spine density
(Anderson et al., 2014). Since these behavioral and neural relationships between parous and nulliparous
females are similar to those between young and aged females, it can be hypothesized that parous
experiences may be neuroprotective against age related declines in neural functions. Previous
investigations of parous effects have included parous and age-matched nulliparous females but not a
young nulliparous group. Thus, it is not possible to determine whether the changes imparted by parity are
sufficient to impact the deleterious effects of aging on neural function. If the experiences of pregnancy,
birth and pup care are neuroprotective with age, then parous females may serve as a model system for
understanding mechanisms underlying aging in females and for possibly counteracting aging effects.
In this experiment, we investigated whether parity influences age related changes in behavioral
and neural functions. Nulliparous young females (NP Yng) (never pregnant and no mothering experience),
nulliparous middle-aged females (NPMA) and multiparous middle-aged (MPMA) females were evaluated.
The NP Yng and middle aged groups assessed the effects of aging while comparisons with the middle
aged parous group allowed for determining whether parity influenced age-related changes in the middle
aged nulliparous group. We evaluated behavior (activity, anxiety and cognition), morphology (dendritic
spine density) and hormone levels (CORT and OT) in females at an extended period after weaning. If
parity experiences are maintained and influence aging, then it was expected that the MPMA females
would be more similar to young females than the NPMA females. The results show that parity and/or
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mothering experience has limited, but specific, influences on brain function and morphology associated
with aging in middle-aged female rats.
Methods
Subjects and General Procedure
Subjects consisted of NP Yng (2 months old on arrival) and MPMA and NPMA (10-12 months old
on arrival) Fisher 344 female rats. The NP Yng females (8) and the MPMA females (8 retired breeders)
were obtained from Taconic Farms (Renesslaer, NY). The NPMA females (10) were obtained at the same
time from the National Institute of Aging Colony maintained at Taconic Farms. The MPMA females had 45 litters each and were shipped one-two weeks following weaning of the last litter. Subjects were doubly
housed on a 12-hour light-dark cycle and received food and water were ad libitum. All procedures were
approved by the Hunter College Animal Care and Use Committee. Upon arrival, the animals acclimated
for one week and then were handled for an additional week before testing began.
Subjects were divided into two cohorts of thirteen subjects, and behavioral analyses of cohort two
occurred two to three weeks after cohort one. Data from the cohorts were pooled, and two-way ANOVA
(cohort x group) showed no significant effect of cohort. Sacrifice of cohorts occurred two weeks apart.
The open field task was done first, 3 – 5 weeks after arrival such that the NP Yng were approximately
three months old and middle aged groups approximately 11-13 months old, and the MPMA group was
analyzed 4-7 weeks post weaning. Object recognition and object placement testing took two months so
that habituation and testing occurred at approximately 4 months of age for the young group and 13-15
months of age for the older groups (approximately 3-4 months post weaning). Vaginal smears were
taken for two weeks to determine state of estrus cyclicity and elevated plus maze testing occurred in the
next week. One week following elevated plus maze, the rats were sacrificed, at approximately 5 months
of age for the young group and 14-16 months of age for the middle aged groups (approximately 4-5
months weaning), and blood and brains were collected. The brain was blocked into a section containing
the prefrontal cortex and another containing the hippocampus and the amygdala for Golgi impregnation.
Behavioral Tests
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Open Field (OF)
OF assesses locomotor activity and anxiety-like behavior in a novel environment (Prut & Belzung,
2003). All rats were placed in the same start release point (middle of the field) and allowed to explore for
5 minutes in a plexi-glass field (70 x 90 x 30 cm h field). Total visits to all quadrants, total inside visits,
rearing behavior and wall climbing behavior were logged. The number of inside visits divided by the
number of total visits was used to assess anxiety, and larger ratios are indicative of less anxiety-like
behaviors. The total number of visits assessed locomotor activity.
Object Recognition (OR) & Object Placement (OP)
The protocol for recognition memory tasks has been successfully and repeatedly utilized in our
laboratory (see Luine, 2014a for review). OR is a primarily pre-frontal cortex memory task (Bekinschtein &
Weisstaub, 2014) that includes a sample trial (T1) and a retention trial (T2) with a time delay separating
the 2 trials. There were 4 time delays used during habituation: 40 minute, 1 hour, 2 hour and 4 hour. The
4-hour time delay was used during testing. In T1 the rat is allowed to explore a plexi-glass field (70 cm X
70 X 30 cm h) with 2 identical objects in it for 3 min. Total time spent at each individual object is recorded.
After the appropriate inter-trial delay the rat is reintroduced to the field when one of the identical objects
has been changed to a new and different object. Total time spent at each object is recorded for 3 min. For
this task, more time spent with the new object indicates recognition memory. For OP, the procedure is
similar except that during the delay one object is shifted to a new location. Time spent at the old and new
locations are recorded. More time spent at the new location indicates recognition of the previously
presented location (Luine, 2014a). The mean ratio of exploration time is calculated for object recognition
(time spent with the novel object/ (time spent with the novel object + time spent with the old object) and
for object placement (time spent in the new location/ time spent in the new location + time spent in the old
location). Ratios higher than 0.5 indicate good recognition memory (better than chance) while ratios
below 0.5 indicate poor memory (Luine, 2014a).
Elevated Plus Maze (EPM)
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EPM assesses anxiety like behavior by tabulating the number of entries into the open and closed
arms of the maze as well as duration of time spent in the open arms versus total time spent in both arms
(Walf & Frye, 2007; Gomez et al., 2014). More entries into, as well as longer duration of time spent in the
open arms of the maze have been found to be indicative of lower anxiety like behavior. Duration was
calculated using the following equation: time in the open arm/ time in the open arm + time in the closed
arm. A wooden elevated plus maze (50 cm X 10 cm X 40 cm) was used. Each rat was placed at the
center of the plus maze as their start point, and then allowed 5 minutes to explore the arms. All trials were
recorded using a digital camera and scored off-line.
Serum Hormone Assays
Serum Corticosterone
Total serum CORT in trunk blood was extracted and measured using the ELISA 96 well kit from
Neogen Corporation Life Sciences (product number 402810) with associated protocol except that
samples were run in duplicate instead of triplicate as in previous studies from this lab (Gomez & Luine
2014; Gomez et al., 2013). The microplate was read at 650 nm using a Powerwave HT Biotek
Instrument spectrophotometer and the Gen5 1.08 program (2006-2010). Optical density values were
used to create a standard curve and to calculate the concentrations of the samples. Levels are
expressed as ng/mL, and the range of sensitivity was from 0.05-to 5.0 ng/mL (50%) CORT. The current
intra-assay coefficient of variation (CV) was 22.8%, and the reported inter-assay coefficient of variation is
≤ 10%.
Serum Oxytocin (OT)
Total serum OT in trunk blood was extracted and assayed using the Oxytocin ELISA 96 well kit
from Enzo Life Sciences (Cat. number ADI-900-153) as described in the protocol. The assay sensitivity
for detection is 15pg/mL OT. The current intra-assay coefficient of variation (CV) was 5.3%, and the
reported coefficient of variation was 8.7 %.
Vaginal Cytology
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Samples of the cell population from the vagina were taken and stained to determine estrous cycle
day. The NP Yng and the MPMA females showed normal cycling, but the NPMA females did not. The
NPMA group was in a persistent diestrus state, which is consistent with previous studies (Luine, Wallace
& Frankfurt, 2011).
Golgi Analysis
Following sacrifice, brains were removed from subjects and cut into an anterior block (anterior to
the optic chiasm) and a posterior block (between the optic chiasm and the brainstem) and placed in
solutions provided in the Rapid Golgi Stain Kit (FD NeuroTechnologies, Ellicott City, MD). Golgi
impregnation was performed as previously described (Frankfurt et al., 2011; Inagaki et al., 2012)
Secondary basal dendrites and tertiary apical dendrites were analyzed blindly from pyramidal cells in the
CA1 region of the dorsal HIPP, layer II/III of the prelimbic portion of the mPFC and the corticomedial
nucleus of the amygdala (CMA). Six cells per region/brain (1 dendritic spine segment/cell) were included
in the analysis and 6 brains were quantified per group. Neurons in both areas were chosen for analysis as
follows: (1) cell bodies and dendrites were well impregnated; (2) dendrites were clearly distinguished from
adjacent cells and continuous. Spines were counted under oil (100x) using a hand counter and dendritic
length measured using Spot Advanced program, version 5.0 Windows (Diagnostic Instruments, Inc.) and
Nikon Eclipse E400 microscope. Spine density was calculated by dividing the number of spines by the
length of the dendrite and data expressed as number of spines/ 10 um dendrite.
Statistics
Statistical analyses were done using IBM PASW Statistical Analysis software 18.0 Released
18.0.3 (September 9, 2010). All data (behavior, spine counts and hormone levels) were analyzed by
one-way ANOVAs, and differences between groups tested by multiple comparison post hoc tests with a
Bonferroni correction factor. An alpha level of .05 was used for all statistical analyses. A p-value of .05 or
less indicates statistical significance, while a p-value of higher than .05 indicated a lack of statistical
significance. In order to statistically evaluate two main factors, age and parity, it is usually necessary to
have young nulli- and multiparous groups and middle-aged nulli- and multiparous groups. Due to the time
necessary for pregnancy, lactation and becoming pregnant again, it is impossible to generate young
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multiparous females. Thus, the one-way ANOVA analysis performed does allow for statistically
determining group differences based on age or reproductive experience but does not allow for
determining which maybe the most influential factor. In order to investigate possible estrus cycle
contributions to effects, coefficients of variance were calculated for each dependent variable, and
differences in variance between groups were tested by Levene’s F-test.
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Results

Figure 7. Age and parity effects on recognition memory
(A) Object recognition-the mean ratio of exploration time (± SEM) in recognition trial (T2) for
nulliparous young (NP Yng) (n=8), multiparous middle-aged (MP MA) (n=8) and nulliparous
middle-aged (NP MA) (n=10) females is shown. No significant differences where F (2, 15) = .157,
p = .856. (B) Object placement-the mean ratio of exploration time (± SEM) in the recognition trial
(T2). Groups and n the same as A. F (2, 19) = 5.7, p < .05. NP Yng had a significantly higher
exploration ratio as compared to the NP MA, ** p < .01; and MP MA was not different from either
group.

Recognition Memory
There were no differences between groups in performance on the object recognition memory task (Figure
7A). In addition, the recognition ratio for all groups was above 0.5 indicating that they spent more time
exploring the new versus the old object. Thus, all groups showed good recognition memory. A significant
difference between groups was found in object placement testing (Figure 7B). Post-hoc analysis
determined that the nulliparous young females had significantly better spatial memory than the
nulliparous middle-aged females and that the multiparous middle-aged females were not different from
the nulliparous young or middle-aged groups. Thus parity partially mitigates the age dependent decrease
in place memory found in nulliparous females.
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EPM
A

B

Figure 8. Age and parity effects on anxiety-like behavior
(A) EPM: Percent entries into the open arm. No significant differences between groups. (B) No significant
different between groups in duration of time spent in the open arm.
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OF

Figure 9. Age and parity effects on activity
OF: Mean of each behavior (± SEM) for each group is shown. The total number of visits to all quadrants
was significantly different, F (2, 25) = 3.427, p<. 05. Nulliparous young females displayed significantly
more activity than the other two groups, p < .05. No significant differences between groups for any other
behavior. Groups and n are the same as Figure 8.

Anxiety and Activity Measures
EPM
For the EPM, no significant differences in open or closed arm entries between groups were found
(Figure 8A) indicating no differences in anxiety-like behavior. There were no significant differences
between groups on duration of time spent in the open arm.
OF
On the OF, nulliparous young animals had significantly higher activity levels than both middleaged groups as determined by total visits to all quadrants in the open field (Figure 9). There were no
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significant differences between groups for the inside visit ratio, F (2, 22) = 1.131, p= .342, indicating no
differences in anxiety like behavior.
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Figure 10. Photomicrograph of a Golgi impregnated neuron
A representative secondary basal dendrite from a CA1 pyramidal cell in a young nulliparous female rat.
100x under oil, arrows denote spines.
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Figure 11. Dendritic spine density in brain regions
(A) CA1: ANOVA showed a significant effect in apical F (2, 19) = 20.8, p < .0001 and basal dendrites, F
(2, 19) = 11.8, p < .0001. NP MA females had significantly lower apical spine density in apical ** p < .01.
(B) PFC: ANOVA showed a significant effect in apical dendrites F (2, 23) = 5.43, p = .013. NP MA had
significantly lower spine density compared to NP Yng females, * p < 0.05 and MP MA was not different
from either group. No significant difference in basal spines F (2, 23) = .196, p = .823. (C) Medial
amygdala: no significant differences, F (2, 19) = .382, p = .688.

Dendritic Spine Density
HIPP CA1
Spine density was measured in apical and basal CA1 pyramidal cells. Figure 10 is a
photomicrograph illustrating Golgi impregnated secondary basal dendrites from CA1 in a nulliparous
young female. Effects of age and parity on spine density are shown in Figure 11. There were significant
group differences in dendritic spine density in both apical and basal branches of pyramidal cells in CA1.
The nulliparous middle-aged females had the lowest spine density, and levels were significantly lower in
both apical (p< .001) and basal dendrites (p < .001) as compared to the nulliparous young and
multiparous middle-aged females (Figure 11 A). For the apical tree, the spine density in the nulliparous
middle-aged females was approximately 17 % lower than the other two groups, and for the basal tree,
density was approximately 12 % lower than the other groups.
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Medial Prefrontal Cortex (mPFC)
There were significant differences in dendritic spine density in the apical, but not the basal
dendrites of pyramidal cells (Figure 11B). Spine density in the nulliparous middle-aged females was
significantly lower than the nulliparous young females (p< .05), however the multiparous middle-aged
females were not different from either the nulliparous young or nulliparous middle-aged females.
Medial Nucleus of the Amygdala
No significant differences in spine density between groups were found in the amygdala (Figure
11C).
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Figure 12. Serum Hormones
(A) Serum CORT: No significant differences between groups. (B) OT: No significant differences found.

Serum Hormone Concentrations
Table 1 presents the serum hormone concentrations for the nulliparous young, multiparous
middle-aged and the nulliparous middle-aged females. CORT levels were lowest in the NP Yng females,
higher in the MPMA females than nulliparous and highest in NPMA females, but these differences not
reach statistical significance (see Figure 12 A). No significant differences between groups in OT levels
were found (see Figure 12 B).
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Table 1. Serum Hormone Levels
Group

Corticosterone (ng/mL)

Oxytocin (pg/mL)

Nulliparous Young

97.8± 18.2

40.4± 5.5

Multiparous

122± 24.3

39.9± 4.6

155± 24.4

35.7± 10.0

F-Value

1.6

0.2

p-Value

0.2

0.9

Middle-Aged

Nulliparous
Middle Aged

Entries are the mean serum hormone concentration ± SEM.
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Table 2. Homogeneity of Variance Test Results for Dependent Measures
Dependent Measures

Levene’s F-Test

____________% Coefficients of Variation
MPMA

NPMA

F (2, 23) = 2.7
p= .09

81.8

57.3

77.9

Total Visits

F (2, 23) = 1.7
p= .21

56.9

43.5

27.1

Rearing

F (2, 23) = .9
p= .41

1

36.5

90.3

Groom

F (2, 23) = 3.4
p= .05

26.5

18.9

53.2

Inside Visit
Ratio

F (2, 23) = .4
p= .69

66.9

59.9

68.9

Corticosterone:

F (2, 23) = .2
p= .83

56.3

50.1

52.6

Oxytocin:

F (2, 23) = 2.9
p= .07

39.2

41.5

70.2

Apical

*F (2, 23) = 3.6
p= .04

3.6

6.9

8.4

Basal

F (2, 23) = .5
p= .62

10.6

10.7

6.9

*F (2,19) = 5.3
p= .01

2.9

3.6

7.0

F (2,19) = 1.6
p= .23
F (2,17) = 3.4
p= .06

7.0

4.1

5.1

19.4

7.3

9.0

F (2, 23) = 1.3
p= .3

27.9

23.0

48.5

F (2, 23) = .8
p= .48

36.0

40.9

33.5

Open Field:
Inside Visits

NP Yng

mPFC:

HIPP
Apical

Basal
Medial Amygdala:
EPM:
% Entries into
Open Arm

OP:

OR:

F (2, 13) = 1.7
60.9
53.9
43.4
p= .23
__________________________________________________________________________
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* Note: *denotes significant differences in variances as indicated by Levene’s test.

Coefficients of Variance
In the current study, estrus cycle day was not tracked during the behavioral observations but
cyclicity was determined post testing. Young nulliparous and middle aged multiparous subjects showed
normal estrus cycles while the middle-aged nulliparous rats were mostly in persistent disestrous. In an
effort to better understand possible contributions of cycle stage to the outcomes, a coefficient of variance
ratio for all females across all dependent measures was calculated and tested for homogeneity of
variance using Levene’s test (Abdi, 2010; Wallen & Lloyd, 2008), see Table 2. Out of 15 dependent
measures, only two violated the assumption of homogeneity according to Levene’s test. Thus, the
estrous cycle did not generally influence outcomes. Moreover, in the two measures showing a significant
violation of homogeneity (apical PFC and CA1 spine measurements), a significant difference in the
groups by parametric statistics was still present. Thus, these analyses suggest that the estrous cycle was
not a major influence in detecting differences between the groups.
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Table 3. Effect Size Expressed as Eta-squared (n2) Results for Dependent Measures
______________________________________________________________________________
Dependent Measures
Effect size (n2 eta squared)
______________________________________________________________________________
Open Field:
Inside Visit Ratio
.01*
Rearing
.19***
Grooming
.05**
Inside Visits
.05**
Total Visits
.23***
Corticosterone:
.12***
Oxytocin:
.01*
mPFC:
Apical
.34***
Basal
.02**
HIPP:
Apical
.69***
Basal
.55**
mAmygdala:
.04**
EPM:
% Entries into Open Arm
.08***
OP:
.4**
OR:
.02**
Note: when n2 < .01* small effect; n2 ≤ .059** medium effect and n2 ≤ 0.138*** effect size is large.

Table 3 displays the estimate of effect size of parity and age on each of the variables investigated
in this experiment. Rearing behavior and total visits (open field), serum corticosterone, apical spines in
the mPFC and the HIPP as well as percent time spent in the open arm of the EPM all showed a large
effect size as determined by eta-squared (and the small medium, large parameters determined by Cohen
for Cohen’s d estimate of effect size). Eta-squared can be considered in conjunction with the other
analyses (ANOVA’s) to give an additional perspective in interpretation of the current data. For each of
the variables with a large effect size, out of the total variation, the above-mentioned variables can
attribute 19% (rearing), 23% (total visits/activity), 12% (CORT), 34% (apical spine density in the mPFC,
69% (apical spine density in the HIPP) and 8% (% entries into the open arm in the EPM) to an effect from
parity and age. Despite no significant differences between groups on the EPM, rearing behavior in the OF
and the measurements of serum CORT, there was a large effect. Total visits (overall activity) in the OF
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and apical spine density in the mPFC and the HIPP also had large effect sizes, and significant p-values
(from one-way ANOVA’s).

Discussion
Previous studies have shown that female rats having undergone multiple bouts of pregnancy,
birth, lactation and pup rearing show behavioral and neural differences as compared to virgin females of
the same age (Kinsley, 2006; Macbeth & Luine, 2010). In this study we investigated whether these
differences due to parity might be maintained for an extended period after motherhood and thus be
neuroprotective with age. Experiments compared NP Yng, NPMA and MPMA female rats on behavioral,
neural and hormonal parameters. Place memory significantly declined in NPMA females as compared to
NP Yng females whereas performance of MPMA females fell between the two age groups. This result
suggests some preservation of a hippocampal dependent function in parous females with aging. Spine
density was influenced by both age and parity in some brain regions. In CA1, the NPMA females had
significantly lower spine density than both other groups. In the mPFC, spine density of MPMA females
fell between the two nulliparous groups and the NPMA females had lower spine density than the NP Yng
females. Thus, multiparity was neuroprotective against age-related decreases in spine density in neural
areas related to cognition. In contrast, amygdala spine density was not different among the groups.
Circulating levels of the stress hormone, CORT, and the lactation/affiliative hormone, OT, did not differ
among the groups. Recognition memory and anxiety also were not different in the groups. Thus, parity
and/or mothering experiences influenced some aspects of brain function and morphology associated with
aging.
Recognition Memory
Current results are consistent with previous studies done in this and other laboratories where
multi- (Kinsley et al., 1999) or primiparous (Pawluski, Walker & Galea, 2006b; Cost et al., 2014) females
performed better on spatial memory tasks than nulliparous females, and multiparous females performed
better than nulliparous females on OP (Macbeth et al., 2008). It is also known that performance of a
number of spatial memory tasks including OP are impaired in nulliparous old month old Fisher 344
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females (21-24 months) as compared to nulliparous young females, 2-4 months old (Luine et al., 2011).
Aged female rats also show impairments, as compared to young rats, on Y and T-mazes (Aggleton et al.,
1980), radial arm maze (Luine & Hearns, 1990; Luine et al., 1990), Morris water maze (Markowska et al.,
1999, Veng et al., 2003), water radial arm maze (Bimonte et al., 2003) and Barnes maze (Barrett et al.,
2009). ) Novel in the current study is that we examined both old and young nulliparous rats and also
investigated multiparous middle-aged rats. We predicted that spatial memory would be impaired in the
NPMA group but not in the MPMA group as compared to the NP Yng group. This prediction was partially
supported as the NPMA females showed significantly worse place memory than the NP Yng females
while the MPMA females were not significantly different from either group. Thus, a partial preservation of
place memory was evident in the MPMA females. It should be emphasized that this cognitive effect was
present in the females approximately four months after weaning of the last litter. The duration of paritydependent changes in object placement has not been investigated, but some spatial memory
enhancements appear to persist throughout the parous females’ lifespan. Primiparous and multiparous
females continued to outperform nulliparous females on the spatial memory, dry-land maze task at 6, 12,
18, and 24 months of age, long past their last reproductive experience (Gatewood et al., 2005); however,
a young group was not included so whether the parous rats were similar to young rats is unknown.
Less information about the relationship of parity to performance of non-spatial memory tasks is
available, but the lack of differences between middle aged nulli- and multi-parous females on the OR task
at long delays (4 h) is consistent with our previous study (Macbeth et al., 2008). Performance of NP Yng
females was also similar to NPMA females, which suggests that object recognition memory does not
decline as quickly with aging as does OP memory. Thus, parity effects on non-spatial memory may
become apparent at more advanced ages because nulliparous aged rats, 21 months old, are impaired on
OR memory compared to NP Yng rats, 4 months old (Wallace et al., 2007). Possible mechanisms for the
parity and/or motherhood dependent differences in spatial memory are discussed in the last section.
Activity and Anxiety
NP Yng rats were more active than the middle-aged nulli- or multi-parous rats on the OF, a result
consistent with reports of decreased activity with aging (Horner, Russ & Biknevicius, 2011; Belviranli et al.,
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2012). Thus, aging, but not parity, influences this parameter in female rats. We did not observe any
group differences in anxiety-like behavior on the OF or the EPM. There is general agreement that anxiety
is decreased during the post-partum period and that pup presence contributes to the effect (Lonstein,
2007). The attenuation of anxious behaviors during the post-partum period is thought beneficial for both
the dam and the pups (Lambert, 2012). Only a few studies have examined reproductive effects on
anxiety after the postpartum period, and no consensus has emerged. Love et al. (2005) found that
primiparous and multiparous females displayed decreased anxiety-like behavior on the EPM up to 18
months after their last weaning, indicating anxiolytic effects throughout parous females’ life spans. Our
MPMA females were tested approximately five months after weaning of the last litter, and no anxiolytic
effects were evident. Similar to our results, Byrnes & Bridges (2006) showed that parity did not decrease
anxiety-like behavior on the EPM or OF in middle aged females (10–11 months old). We have also
previously found that nulliparous and multiparous females (13 months old, with at least five litters and
tested 1-2 months after weaning of the last litter) did not differ in anxiety-like behavior on the EPM
(Macbeth et al., 2008). Possible factors contributing to the differing results across studies include those
related to reproduction like testing time relative to last weaning and number of litters. In addition, time
tested during the light/dark cycle (Huynh et al., 2011) as well as testing schedules can influence
responses on the EPM (Smith, Lieberwirth & Wang, 2013). In the current subjects, anxiety like behavior
on the EPM was evaluated after behavioral testing on the OF and recognition memory testing. Thus,
these experiences may have tempered anxiety in all of the groups. Nonetheless, whether the adaptive
benefit of parity and/or motherhood on anxiety is long lasting needs further investigation.

Dendritic Spine Density
Previous studies have shown that maternal brains exhibit remarkable plasticity in preparation for
the demands of motherhood and lactation and that this plasticity is not limited to the brain areas known to
be involved in mothering activities (Kinsley, 2008; Kinsley et al., 2006). In CA1, late pregnant and
lactating females have greater spine density in apical dendrites of pyramidal cells than females at all
stages of the estrus cycle (Kinsley et al., 2006), but with pregnancy apical spines on pyramidal cells in
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CA1 were lower than virgin rats 24 h after parturition (Frankfurt et al., 2011). At 20-31 days post birth,
both apical and basal spine density returned to high levels since values were greater than in nulliparous
females (Pawluksi & Galea, 2005; Leuner & Gould, 2010). Current data indicate that increased CA1
spine density during pregnancy and post birth is long lasting since spine density in MPMA females
approximately five months after weaning is the same as in NP Yng females, and values in both of these
groups are higher than in the NPMA females. Leuner & Gould (2010) also reported that spine density in
the mPFC was higher in 20-day parturient females than nulliparous females, which is consistent with
results in this study. The differences in spine density in the current subjects are also consistent with agerelated spine density changes previously reported by Wallace et al. (2007) and Luine et al (2011). At 21
months of age, virgin (nulliparous) Fisher 344 females had 16% lower CA1 apical spine density as
compared to 4-month-old virgins (Luine et al., 2011) while the approximately 14-16 month old nulliparous
females in this study had 12% lower spine density. Similarly, spine density reductions in the mPFC at 21
months, 16% (Wallace et al., 2007), were somewhat larger than at 14-16 months, 11%, suggesting that
spine density declines at middle age and further declines with old age. Thus, parity and age influence
CA1 and mPFC spine density with parous experiences mitigating age-dependent losses in spines. The
pattern of spine density changes found is similar to the object placement changes, and thus, preservation
of spine density may contribute to the maintenance of spatial memory reported in this and previous
studies. No differences in spine density among the groups were found in the medial nucleus of the
amygdala. This finding is consistent with the lack of differences in anxiety and HPA activity in the
subjects. However, since others have reported long-term effects of parity on these parameters, further
investigations of anxiety behavior and neural morphology are necessary.
Serum Hormones
During the postpartum period there is a dampening of the stress response and lower basal CORT,
which promotes maternal behavior and decreases anxiety (Slattery & Neumann, 2008; Macbeth, 2010).
Thus, we predicted that the parous females might have lower CORT levels than the non-parous middle
age group and more similar levels to the young non-parous group. This relationship was present, but the
differences were not significant. Notable is that the lack of age and parity effects on CORT levels are
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similar to and consistent with the lack of group differences in anxiety. Moreover, the amygdala is
important in mediating stress and anxiety (Kim et al., 2014; Akbari et al., 2013; Roozendaal et al., 2008)
so the lack of differences in medial amygdala spine density is also consistent with the lack of behavioral
and hormonal differences. Thus, our results suggest that parous effects on basal CORT levels and
anxiety do not appear to last beyond the postpartum period. However, it is unknown whether stress
dependent increases in CORT might be affected beyond the postpartum period. Aside from
methodological differences that may contribute to this lack of consensus, it should also be noted that rat
strain may play a role. Sprague Dawley, Fischer-344, and Long-Evans-hooded rat strains have all been
used, and strain specific characteristic differences may affect the results (Porterfield et al., 2011).
Responsivity of the HPA axis declines with age, which can lead to increased intra-strain variability in
stress responsivity (Segar et al., 2009; Cizza et al., 1995; McEwen, 2002), which may also lead to
inconsistencies in data.
OT has multiple functions during the reproductive experience including initiation of birth and the
milk let down response. It is also an affiliative hormone associated with mother-infant bonding (McCarthy
& Altemus, 1997) and contributes to the lowering of anxiety and dampening of the stress response
postpartum (Babygirija et al., 2012). Thus, we hypothesized that levels of OT might remain high after the
postpartum period in multiparous females. However, we found no differences between the NP Yng,
NPMA and the MPMA females. Thus, serum OT levels do not appear to be affected long term by parity
or by aging, but levels in specific brain regions should be measured.
General Discussion
Current results indicate that MPMA females show preservation of age-related declines in spatial
memory and spine density in the HIPP and PFC as compared with NPMA females. However, because it
is impossible to examine young multiparous females, we cannot positively conclude that lack of
reproductive experience is the most influential factor in the differences between young and aged
nulliparous groups. The mechanisms responsible for the effects are currently unknown, but one
possibility could be increased gonadal and other hormones present during pregnancy and postpartum
(discussed in Introduction). These hormones are known to act within the HIPP and PFC to promote
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neural function (Luine & Frankfurt, 2013). In addition, environmental enrichment, such as interacting with
and caring for pups, is known to be associated with similar neurotrophic changes in brain, especially in
the HIPP (Leger et al., 2014; Sale et al., 2014; Baroncelli et al., 2010). Moreover, both factors may
contribute to the effect, and further research is necessary to determine the contributions of each.
Nonetheless, the current results show that multiparity/motherhood influences age related behavioral and
neural changes and is neuroprotective in the HIPP and the PFC. Moreover, motherhood may be an
important factor, which contributes to variations in aging among females. Overall, parous females may
provide unique insights into the aging process and how adverse changes in the hippocampus and
prefrontal cortex during aging might be mitigated.
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Chapter 4:
•Aim 3: Is parity neuroprotective for olfactory sensitivity and acuity?
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The Effect of Parity on Olfactory Acuity and Spine Density in the Piriform Cortex
Introduction: Olfactory Ability & Sensitivity
The olfactory system plays a significant role in parity has some unique characteristics outside the
context of motherhood. In the olfactory system neurogenesis occurs into the adult years where the
generation of new neurons occurs in the olfactory basal layer in the peripheral olfactory epithelium, and
this plasticity may be important in how the olfactory system changes with age or experience. The
olfactory circuit is a phylogenetically old part of the sensory system and a part of the limbic system. The
olfactory receptor neurons (ORN) in the periphery olfactory epithelium synapse on functional units of the
olfactory bulb (OB), the glomeruli. Glomeruli consist of a spherical configuration of axon projections from
the ORN, as well as mitral cells and tufted cells which facilitate the transfer of the sensory signals for
higher level processing in the olfactory and orbitofrontal cortex (Mandairon & Linster, 2009). The
glomeruli, on the surface of the OB, is the site of dynamic plasticity (Valle-Leija, 2015). The activation or
lack thereof of glomerulus is thought to be indicative of odorant quality and is unique to an individual odor,
making the glomerulus activation pattern a type of odorant identification code (Valle-Leija, 2015) This
configuration is what is commonly referred to as the odor-topic map (Bekkers & Suzuki, 2013; Mori &
Sakano, 2011) which defines perceptual properties of odorants (Valle-Leija, 2015). The principal cells of
the OB are the mitral cells (MC) and tufted cells which get input from the olfactory receptors which
synapse in the glomeruli and continues the passage of OB sensory input for processing in the piriform
cortex (PC) via the lateral olfactory tract (Bekkers & Suzuki, 2013)
Unlike other sensory systems, the olfactory system does not transmit information via the
thalamus to primary cortical areas (Purves et. al., 2001). However, the thalamus is not completely
bypassed by all olfactory sensory information because the PC (primary olfactory cortex) does have
projections via the thalamus to various brain regions including the amygdala and the HIPP indicating the
OB's capacity for plasticity and connections to brain areas that have been shown to be affected by parity.
Functional specialization in olfactory ability is one of the observed maternal behavior modifications
in rodents. Female rats exhibit qualitative enhancements in olfactory ability in response to the birth of her
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pups and an increased responsivity to pup-associated odors (Levy, Keller & Poindron, 2004). A dam must
be able to recognize her pups by smell, which requires not only exposure to novel scents (the pups), but
continued long-term recognition of them also. This is a vital aspect to pup care and the post-partum
experience. If a female is not able to recognize her pups, they are foreign to her and thus unimportant.
Failure to recognize the pups as her own can result in them being ignored or simply cannibalized.
When considering these necessary and significant behavioral changes that occur such as the
ability to recognize pups based on scent, changes in the brain are expected, such as changes in mitral
cell layer thickness (morphological/cellular) associated with parity. It is probable that these changes may
potentially be long term, especially if multiple parous experiences occur.
The novel experience of being with newborn pups and learning their scent has the potential to
facilitate permanent/long lasting changes in the olfactory ability, circuitry and morphology in parous
females (Smotherman, Brown & Levine, 1977, Poindron, 2005; Poindron, Levy & Krehbiel, 1988). Bulbar
processing that has higher up stream effects in the PC, HIPP, orbitofrontal cortex and amygdala are
potential areas for these changes. Because of the high level of plasticity in the bulbar circuitry (Peretto &
Paredes, 2014) it may also influence what results are observed.
The importance and enhancement of olfactory ability in pregnant females, the functional and
neuronal plasticity of the system as well as sensory information making fewer synapses from the
periphery are all reasons why olfaction and its relationship to parity are of interest in the current research.
Fewer synapses between the sensory receptors and cortical processing may allow for long term sensory
associated changes to occur with more ease as compared to sensory circuits that require signal transfer
through more brain areas. Thus, the enhancements that occur may be long lasting, even past weaning.
Experimental Focus
The purpose of this set of experiments is to determine whether there are long lasting effects of
parity on age related changes in olfactory ability and acuity. Possible changes in brain areas associated
with olfaction, specifically layers II/III of the PC and the MC layer of the main olfactory bulb (MOB) will
also be examined. Anxiety assessment will also be revisited as well as stress responsivity. In contrast to

59

study 1, anxiety will be assessed before other behavioral tests because behavioral experiences can
mitigate anxiety. In addition, anxiety will be assessed on the OF and in interaction with objects as well as
on the EPM. Stress responsivity will be assessed by measuring serum CORT levels following an acute
restraint stress.
Methods
Subjects and General Procedure
Subjects consisted of NP Yng (2 months old on arrival) and MP MA and NP MA (11-12 months
old on arrival) Fisher 344 female rats. The NP Yng females (N=8) and the MP MA females (N=8) were
obtained from Harlan Laboratories (Frederick, MD). NP MA females (8) were obtained concurrently from
the National Institute of Aging Colony maintained at Charles River. The MP MA females had a minimum
of 4-5 litters each and were shipped one-two weeks following weaning of the last litter. Subjects were
doubly housed on a 12-hour light-dark cycle and received food and water were ad libitum. All procedures
were approved by the Hunter College Animal Care and Use Committee. Upon arrival, the animals
acclimated for one week and then were handled for an additional week before testing began.
Procedure
Following acclimation a battery of behavioral tests was run. EPM was done on day 1 of testing in
order to determine whether effects on anxiety are present when testing is done first as compared to when
testing is done following the completion of other behavioral tests as in experiment 1. OF task was done
on day 2. Following the OF task, subjects were habituated to the reward used in the olfactory acuity task.
All subjects were food deprived (with ad libitum water) 24 hours prior to olfactory acuity testing. The next
task completed was latency to approach a novel object. The habituation/dishabituation (HAB/DISHAB)
task required no prior habituation trials and was completed after the latency to approach a novel object.
All olfactory tasks were done in an open cage, and did not occur in an isolated apparatus. Behavioral
testing took approximately one month to complete. One week following the HAB/DISHAB task subjects
were sacrificed, at approximately 3 months of age for the young group and 12-13 months of age for the
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middle aged groups. Before sacrifice all subjects were given a 30-minute acute restraint stress and then
immediately decapitated. Trunk blood and brains were collected.
Behavioral Tests
EPM
Methods are the same as experiment 1 please see page 49.
Open Field
Methods are the same as experiment 1, please see page 48.
Olfactory Acuity Task: Buried Food Task
A cookie was used for the buried food item. A variety of cookies were screened in test animals to
ensure subject preference to odor and flavor. Three cookie types were introduced individually to the home
cage of each subject and it was observed whether or not subjects ingested the cookie, and how quickly
they did so as in Yang & Crawley (2009), which suggested either a Teddy Graham Cookie (Nabisco,
Hanover, New Jersey) or a Fruit Loop (Kellog’s, Battle Creek, Michigan) because of their uniform size and
palatability to rodents. The cookie type most preferred was Teddy Grahams by Nabisco and all rats were
habituated to it 3 days prior to behavioral testing. Each rat was given one cookie to ensure palatability
and establish it as a preferred reward. The cookie was buried approximately 6 cm in wood beta chip lining
the floor of the home tub. Introducing the cookie in this manner served to habituate the animals to
searching for the cookie in the beta chip, shaping their behavior as well as removing the novelty of the
task. Rats were then food deprived, but allowed ad libitum water, for 24 hours prior to testing in order to
increase motivation. On the test trial day each rat was assessed in a rat cage (44.5 cm X 22.9cm X
20.3cm h). The cage bottom was covered with approximately 6 cm of wood chip beta. The animal was
first placed in a clean test cage to habituate for 5 minutes. Then the animal was removed and temporarily
placed back into its home cage. The cookie was then hidden in the beta prior to the animal being reintroduced to the test cage and the total time spent finding the hidden cookie (upon re-entry) was
recorded. Each subject was tested in a clean tub with fresh beta to avoid residual odors from the previous
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animal and cookie. This task established performance ability across all groups; a shorter latency to find
the cookie suggests better olfactory ability (Yang & Crawley, 2009).
Latency to Approach a Novel Object
Latency to approach a novel object was measured in a 3-quadrant by 3-quadrant semi-opaque
plexiglass field (70 cm X 70 cm X 30 cm h). The test consisted of a habituation trial and a test trial. In the
habituation trial, the animals were placed in the empty field and allowed to explore for 3 minutes. All
animals were placed in the field for all trials in the same start position, the center quadrant. Immediately
following the habituation trial the animal was removed, an object was placed against the wall and
centered in the field. For all animals the object was in the same position, and latency to approach the
object as well as cumulative time spent exploring the object was recorded. The object was cleaned
between animals to eliminate species-specific odors that could confound results. All animals were given a
maximum of 3 minutes to make their initial approach. This paradigm was used as an additional measure
of anxiety.
Habituation/Dishabituation (HAB/DISHAB) Task
Olfactory sensitivity was tested by the ability to discriminate between a familiar odor (an odor they
were previously exposed to) and a novel odor (test odor). The habituation (HAB) odor used was almond
essence (McCormick, Hunt Valley, MD), which had been established previous to the test trials as an odor
that was not malodorous to the subjects. Since all subjects had previously been exposed to the odor of
the cookie used in the olfactory acuity task cookie (Teddy Graham made by Nabisco, Hanover, New
Jersey) and it was a desirable odor associated with a reward, the cookie odor was used as the
dishabituation (DISHAB) test trial odor. All testing was done in rat cages used in the facility. Odors were
presented to the animals by securing a 6-inch cotton-tipped applicator (Henry Schein, Melville NY 11747
cat no. 100-9175) to the wire cage top and allowing 4-inches of the applicator with the cotton tipped end
exposed inside the cage. In a pre-HAB trial all subjects were exposed to the task set up (cage with a
cotton-tipped applicator exposed inside which contained 60 microliters of deionized water) to acclimate
them to the setup and decrease novelty in the appearance of the applicator in the tub environment. Each
HAB trial lasted 3 minutes (where the same odor was presented) with a 5 min inter-trial delay (where
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there was no odor presentation). There were a total of 3 HAB trials. Following the last habituation trial
there was a 5-minute inter-trial delay followed by a DISHAB test trial that lasted 3 minutes. In this test trial
the animal was exposed to a different odor (the cookie odor) from the previous HAB trials. During all trials,
the cumulative time spent sniffing; whisking, biting or licking the cotton-tipped applicator was logged.
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HAB/DISHAB Task Procedure

Figure 13. Olfactory Sensitivity: HAB/DISHAB Task Procedure
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Acute Stress
Prior to sacrifice all groups underwent 30 minutes of restraint stress in a plexiglass restrainer
(21.5 cm long X 6.3 cm internal diameter) (Harvard Apparatus). The restrainer’s back plug allowed for
adjustment of size for each individual rat. Following restraint they were immediately sacrificed by
decapitation. Whole brain tissue was dissected and the tissue blocked coronally into two halves (posterior
and anterior). The posterior portion of the brain excluding the cerebellum and brainstem were snap frozen
with dry ice and stored until further analysis at -80 degrees. The anterior portion of the brain including the
OB and frontal cortices were submitted to Golgi impregnation. Three milliliters of trunk blood was taken
for serum isolation and hormone analyses.
Serum Corticosterone Analysis
For methods refer to page 49. The intra-assay coefficient of variation (CV) was 7 %. The reported
inter-assay coefficient of variation was ≤ 10%.
Golgi Impregnation, Cell and Dendritic Spine Counting: Piriform Cortex and Olfactory Bulb
Following sacrifice, brains were removed from subjects and cut into an anterior block (anterior to
the optic chiasm) including the OB and placed in solutions provided in the Rapid Golgi Stain Kit (FD
NeuroTechnologies, Ellicott City, MD). Golgi impregnation and spine counting was performed as
previously described (Frankfurt et al., 2011; Inagaki et al., 2012) Tertiary apical dendrites were analyzed
blindly from semi-lunar cells of the PC. Six cells per region/brain (1 dendritic spine segment/cell) were
included in the analysis and 6 brains were quantified per group. Neurons in both areas were chosen for
analysis as follows: (1) cell bodies and dendrites were well impregnated; (2) dendrites were clearly
distinguished from adjacent cells and continuous. Spines were counted under oil (100x) using a hand
counter and dendritic length measured using Spot Advanced program, version 5.0 Windows (Diagnostic
Instruments, Inc.) and Nikon Eclipse E400 microscope. Spine density was calculated by dividing the
number of spines by the length of the dendrite and data expressed as number of spines/ 10 um dendrite.
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Total cells /field (113.1 um X 84.9 um) was counted in the MC layer of the OB under oil (100x).
Still images acquired using Spot Advanced program, version 5.0 Windows (Diagnostic Instruments, Inc.)
and Nikon Eclipse E400 microscope was used to hand count cells. Only cells with a clearly observed
soma were counted.
Statistics
All statistical analyses were done using IBM PASW Statistical Analysis software 18.0 Released
18.0.3 (September 9, 2010). Latency to approach a novel object, OF, serum CORT levels, EPM, PC
spine density, MC count, as well as the olfactory sensitivity task difference score and DISHAB test trial
were analyzed using a One-Way ANOVA with a post hoc analysis using a Bonferroni correction for
multiple comparisons. A repeated measure ANOVA was used to analyze the odor HAB task (inclusive of
all three HAB trials). Non-parametric analyses were used to analyze the difference score, HAB 3 trial and
DISHAB test trial (for the HAB/DISHAB task) as well as the latency to approach a novel object task
because the Levene’s F-test showed the variances were not homogenous. Kruskal –Wallis H Test was
used to determine group differences on the olfactory sensitivity tasks (habituation 3 trial, dishabituation
test trial, Difference Score) and one anxiety task (latency to approach a novel object). A Mann-Whitney U
was used to determine significance between individual groups in the habituation trial 3. Effect size for
significant Mann Whitney U results was calculated and expressed as r.
Additional Statistical Analysis (see Appendix 1)
Additional statistical analysis was done for Latency to approach a novel object and the
HAB/DIHAB olfactory sensitivity task and can be found in Chapter 5. A Welch Test was run with the Oneway ANOVA because it is robust despite non-homogenous variance. The p-value from the Welch test
was interpreted in the same way as the p-value from the ANOVA.
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Results

EPM

Figure 14. EPM
(A) Arm Entries: No differences between groups in entries into the open and closed arms. (B) Open Arm
Duration: No significant differences in duration in the open arm between groups

One-way ANOVA determined no significant difference between groups in open and closed arm
entries F (2, 23) = .136, p = .87. No significant differences were found in duration of time spent in the
open arm F (2, 23) = 2.75, p= .087. When considering anxiety-associated behavior in the EPM (i.e.
spending less time in the open arm) the current results indicate that age and parity do not mitigate anxiety.
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OF

Figure 15. OF
Activity and anxiety-like behavior in the OF: Mean of each behavior (± SEM) for each group is shown. NP
MA females displayed more frequent rearing behavior compared to NP MA females, and NP MA females
engaged in more wall climbing than NP Yng females.
*Note: Transformation of Inside Visit ratio = Ratio value X 100

A significant difference between groups in rearing, F (2, 23) = 3.6, p < .05 and wall climbing
behavior F (2, 23) = 5.33, p< .05 was found (see Fig. 15). Post hoc tests using a Bonferroni correction
determined that NPMA females exhibited significantly more frequent rearing behavior as compared to the
MPMA females (P=. 05). For wall climbing behavior however, NPMA females exhibited this behavior
significantly more than the NP Yng females (p= .014) and MP MA females were not different from either
group. Greater wall climbing and rearing behaviors are indicators of anxiety, and based on these results
parity does not appear to have an anxiolytic effect that is maintained with age.
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Figure 16. Novel Object Anxiety Test
(A) Latency to approach a novel object: Time (sec) elapsed before approaching a novel object in a field is
shown. No significant differences between groups (B) Total Exploration: Time (sec) spent exploring field
for 3-minutes. No significant differences between groups.

The NPMA females had a longer mean latency to approach the novel object, suggesting a trend
of NPMA females being more anxious than the other groups; however this difference did not reach
statistical significance, F (2, 23) = 1.48, p = .25 (Figure 16A).
Figure 16 B shows the amount of time each animal actively explored the object. No significant
differences between groups were found, F (2, 23) = 2.83, p = .08. NP Yng females were highly mobile
and on average spent more time exploring the object compared to the other two groups (M= 11.3
seconds), but this difference did not reach statistical significance.
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Odor Acuity: Buried Food Task

Figure 17. Buried Food Task
Latency to find the cookie: mean time in seconds to find a cookie is shown for nulliparous young (NP Yng)
(n= 8), multiparous middle aged (MP MA) (n= 8) and nulliparous middle aged females (n=8). No
significant differences.

No differences were found between groups on the olfactory acuity task, F (2, 23) = .35, p = .71.
The variability within each group is high, and yielded a significant Levene's F-test (refer to Table 4).
MPMA females spent more time with the odor compared to the other two groups (M= 36.6 seconds), but
the difference was not significant. The high variability within groups may contribute to the inability to
discern differences between groups caused by parity or age.
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Odor Sensitivity: HAB/DISHAB Task

Figure 18. Olfactory Sensitivity
(A) Odor habituation across three consecutive HAB trials. Mean time for each HAB trial (± SEM) for each
group is shown. Repeated measures ANOVA determined a main effect of HAB trial on time spent with the
same odor with no significant interaction, F (1, 18) = 19.54, p< .001. The main effect of trial is between
HAB trial 1 and HAB trial 3 as well as between HAB trial 1 and HAB trial 2. (B) Trial 1: One-way ANOVA
determined no significant differences between groups. (C) Trial 2: Kruskal Wallis H test determined no
significant difference between groups. (D) Trial 3: Kruskal Wallis H test showed a significant difference
between groups with MPMA spending less time than NP Yng and NPMA spending less time than the NP
Yng but no difference between the MPMA and the NPMA groups.
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Figure 18 A displays results for the olfactory sensitivity task, the overall of each individual HAB
trial. The significant repeated measures result indicates habituation is occurring with each successive
habituation trial for all groups regardless of age or reproductive status. Females in all groups in HAB 3
spend significantly less time with the presented odor compared to HAB 1.
Figure 18 B shows HAB 1 which had no significant differences between amount of time groups
spent with the odor as determined by a one-way ANOVA. This result suggests that neither parity nor age
have an effect on olfactory sensitivity in the initial presentation of an odor.
Kruskal Wallis H test was used to analyze habituation trials 2 (Figure 18 C) and 3 (Figure 18 D)
because the homogeneity of variance was violated according to Levene's F-test (see table 4). No
significant differences were found between groups in HAB 2. In, contrast, a significant difference was
detected between groups (X2 = 9.4, p = .01) in HAB 3 and a post-hoc Mann-Whitney U test determined
that the NP Yng females spent significantly more time with the odor as compared to the MPMA females
(U= 12, Z = -2.2, p < .05) and the NPMA females (U= 9, Z = -2.7, p< .01). These results indicate that in
addition to all groups becoming habituated to the odor presented, during the last habituation trial the NP
Yng females spent significantly more time with the odor compared to the other two groups of females.
Thus it appears that both groups of middle-aged females are less sensitive to odor than the young
females.
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Figure 19. Olfactory Sensitivity
(A No significant differences as determined by Kruskal Wallis H Test (B) Difference Score between HAB 3
and the DISHAB test trial: no significant differences.

A Kruskal Wallis H test was also run for the olfactory sensitivity test trial and difference score,
with no significant differences between groups detected where X2 = 3.97, p= .14 and X2 = 2.89, p= .24
respectively.
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Mitral Layer Cell Count & Dendritic Spine Quantification

Figure 20. Photomicrographs of PC under: (A) 4X (B) 10X and (C) Semi-lunar cell at 20X magnification
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Figure 21. MC Count
MC layer total cell count for a specific field (113 um X 84.9 um): ANOVA determined a significant
difference between groups and Bonferroni’s post hoc analysis for multiple comparisons showed that NP
Yng had more total cells as compared to MPMA females, F (2, 21) = 8.49, p < .05.

NP Yng females (M= 98) had significantly more cells in the MC layer than MPMA females, but not
the NPMA females. Though not a significant relationship, NPMA females (M= 86 cells) had a larger mean
number of MC layer cells as compared to the MPMA females (M = 67 cells), which indicates that parity is
not facilitating preservation of this cell population as female’s age; the parous females appear to have lost
more cells than that of their age-matched counterparts.

75

Figure 22. Spine density of semi-lunar cells in the piriform cortex
Dendritic spine density of the semi-lunar cells in layer II/III of the PC in the MOB is expressed as
spines/10 um and no effect of parity or age were found.

Semi-lunar cells in the PC exhibited no significant differences between groups as determined by
one-way ANOVA, F (2, 21) = 1.2, p = .31.
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CORT Results

Figure 23. Serum CORT: CORT was measured following acute restraint stress and sacrifice: ANOVA
showed a significant difference between groups, F (2, 23) = 4.25, *p = 0.04.

Serum CORT levels were compared between groups after a 30-minute restraint stress. MPMA
females exhibit an elevated restraint stress response (have higher serum CORT levels) compared to the
NP MA females determined by Bonferroni’s post hoc analysis for multiple comparisons, p = .04.

77

Table 4. Homogeneity of Variance Test Results for Dependent Measures

Dependent Measures
Levene’s F-Test
% Coefficients of Variation (CV)
__________________________________________________________________________________

Open Field:
Inside Visit Ratio:
Rearing:
Wall Climbing:

F (2, 21) = 1.1
p= .35
F (2, 21) = .2
p= .8
F (2, 21) = .6
p= .55

MPMA

NPMA

NP Yng

67.6

80.0

61.26

48.7

98.8

90.9

6.8

26.9

59.3

Grooming:

F (2, 21) = 1.0
p= .4

30.2

30.2

67.6

Inside Visits:

F (2, 21) = .6
p= .53

73.2

79.

53.6

Total Visits:

F (2, 21) = .4
p= .7

30.4

Corticosterone:

F (2, 21) = .2.6
p= .1

9.1

3.3

.1

Buried Food Task:

F (2, 21) = .8
p= .5

133.2

147.1

115.8

Olfactory Sensitivity
Task: Habituation 3

*F (2, 21) = 8.3
p= .002

282.7

230.7

77.4

Olfactory Sensitivity
Task: Habituation 2

*F (2, 21) = 10.2
p= .001

154.3

211.9

197.9

Olfactory Sensitivity
Task: Habituation 1

F (2, 21) = 2.01
p = .159

107.5

79.7

78.2

Olfactory Sensitivity
*F (2, 21) = 6.4
Dishabituation Test Trial
p= .007

39.4

62.7

70.1

Olfactory Sensitivity
* F (2, 21) = 8.8
Task: Difference Score
p= .002
EPM:
% Entries into Open Arm F (2, 21) = 3.2
p= .1
Latency to Approach
*F (2, 21) = 8.2
A Novel Object
p= .002

39.9

60.4

78.6

70.6

60.5

75.5

171.7

180.2

95.3
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29.4

49.8

Spine Density: Piriform
Cortex (Apical Spines)

F (2, 21) = .5
p= .6

11.6

11.7

9.5

Mitral Cell Count (Total)

F (2, 21) = 2.9
11.5
18.4
24.8
p= .08
* Note: * and bolding denotes violation of the assumption of homogeneity of variances as indicated by
Levene’s F-test.

Coefficients of Variance
In the current study, estrus cycle day was not tracked during the behavioral observations but
cyclicity was determined post testing. Young nulliparous and middle aged multiparous subjects showed
normal estrus cycles while the middle-aged nulliparous rats were mostly in persistent diestrous. In an
effort to better understand possible contributions of cycle stage to the outcomes, a coefficient of variance
ratio for all females across all dependent measures was calculated and tested for homogeneity of
variance using Levene’s test (Abdi, 2010; Wallen & Lloyd, 2008), see Table 4. Out of 15 dependent
measures, 4 variables violated the assumption of homogeneity according to Levene’s F test.
The olfactory sensitivity tasks, specifically the difference score, HAB 3 trial and the DISHAB test
trial all violated the assumption of homogeneity and have a significant Levene’s test. Latency to approach
a novel object also failed to meet the assumption of homogeneity. Non-parametric statistics was
subsequently used to analyze these three variables. Because it was only these variables, and none of the
other dependent variables, it would seem that estrous cycle was not a large contributor to variability.
Large variance would be pervasive throughout most if not all the variables if cyclicity were the primary
driving factor. However it remains possible that estrous cycle differences are contributing to some
variables and should be taken into account in future studies. Because most aspects of the olfactory
sensitivity tasks resulted in data that was not normally distributed, there may also have been other
confounding factors, such as the test occurring in an environment that was not completely isolated from
non-experimental odors (although precautions were taken to minimize interfering odors). In addition it is
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also possible that a larger n is necessary in these tests in order to achieve a normal population
distribution.
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Table 5. Effect Size Expressed as Eta-squared (n2) Results for Dependent Measures

Dependent Measures
Effect size (n2 eta squared)
____________________________________________________________________________________
Open Field:
Inside Visit Ratio

0*

Rearing

.26***

Wall Climbing

.34***

Grooming

.13***

Inside Visits

.01*

Total Visits

.04**

Serum Corticosterone:

.29***

Buried Food Task:

.03**

EPM:
% Entries into Open Arm

.16***

Spine Density: Piriform
Cortex (Apical Spines)

.11**

Mitral Cell Count (Total)

.47***

Note: when n2 < .01* small effect size; n2 ≥ .059** medium effect size and n2 ≥ 0.138*** large effect size.

Table 5 shows the effect size estimate for age and parity on each dependent variable. Six of the
eleven variables have a large effect size where n2 ≥ 0.138. Thus, for the OF task, rearing (26%), wall
climbing (34%) and grooming (13%) variance can be attributed to a main effect or interaction of parity and
age or from error in the ANOVA. Serum CORT had 29% effect size. EPM and MC counts had 16% and
47 % variance attributed to main effect of parity and age, interactions between the two or error in the
ANOVA. The MC counts also had a significant p-value on a one-way ANOVA indicating a significant
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difference between groups. Together that data indicate not only a significant difference between groups,
but also that the practical significance (the size of the effect) is large.
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Table 6. Effect Size Expressed as r from Mann Whitney U Test of Dependent Olfactory Sensitivity
Measures
Dependent Measures/
Effect size (r)
Groups
__________________________________________________________________________________
Habituation 3:
NP Yng X MPMA

.14**

NP Yng X NPMA
.67***
___________________________________________________________________________________
Note: when r < .1* small effect size; r ≥ .3** medium effect size and r ≥ 0.5*** large effect size.

Table 6 shows the effect size for non-parametric analyses. For the dependent variable, HAB 3
(hab 3) from the olfactory sensitivity task a Kruskal Wallis test was run because HAB 3 did not meet the
assumption of normal distribution. Because the Kruskal Wallis test was significant, a post hoc Mann
Whitney U was run to evaluate the difference between groups based on age and parity (see Table 6). The
effect size was calculated (from the Mann Whitney U test results), and expressed as r. Parameters for
determining small, medium or large effect was noted from Discovering Statistics Using SPSS (3rd ed)
(Field, 2009). A significant effect of age and parity was found between the NP Yng females and the
MPMA as well as the NPMA where, p < .05, r = .14; p < .05, r = .67 respectively. The significant
difference between the NP Yng and the NPMA females can attribute 67% (more than half) of the variance
to the main effect or interaction in the ANOVA meaning, during the third HAB trial the NP Yng females,
despite overall progressively spending less time with the odor from HAB 1 to HAB 3, during HAB 3 they
spent significantly more time with the odor compared to the other two groups.
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Discussion
Behavior
Overall few behavioral differences were found between young nulliparous, middle-aged
multiparous and middle-aged nulliparous females. The odor sensitivity and acuity tasks did not yield
conclusive results, due to high errors and non-normal distributions. The causes may have derived from
possible estrous cycle differences, too few subjects or a suboptimal environment for the olfactory tests.
Thus future experiments should take in account these factors. Nonetheless some interesting trends in
olfactory behavior in females past their reproductive years were noted. The olfactory acuity task results
suggests that the MP MA females are impaired compared to other groups because they took longer to
locate the cookie compared to the Yng NP and the NP MA females. This result was not expected as it
was expected that their extensive use of olfaction during motherhood may have upregulated this system.
However it is possible that MP MA females' olfactory ability enhancements are conspecific specific or
conditionally specific, i.e. olfactory enhancements are seen only in the context of the maternal
environment not outside of it.
In the olfactory sensitivity task, reproductive experience may not play a significant long-term role.
Despite not meeting statistical significance on all tests, some tests showed significant differences. All
groups habituated to the same odor, shown by all groups spending significantly less time with the
presented odor over the trials. By HAB trial 3, NP Yng females spent significantly more time with the
presented odor as compared to the other two groups. This result is consistent with previous studies that
show young animals exhibit less anxious behaviors (i.e. voluntary exploration or ambulation in an open
area/field) compared to older animals (Moretti et. al., 2011) and may facilitate their increased exploration
and time spent with the odor. When considering difference scores between the last HAB trial (HAB 3)
and the DISHAB test trial NP Yng and NP middle-aged females had a larger difference in time spent with
the odor compared to the MP MA, consistent with the results from HAB 3. NP Yng females spending
more time with the novel odor was expected. Youth accompanies efficiency and optimal function of the
olfactory system (Hunt et al., 2011). In addition, young subjects exhibit consistent primary peripheral
olfactory epithelial neurogenesis (Brann & Firestein, 2014; Garrosa & Coca, 1991). They have not yet
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experienced the decrease in basal olfactory epithelial cells (Weiler et. al., 1997), decrease in olfactory cell
proliferation and migration (Loo et al., 1996), decrease in olfactory acuity and sensitivity (Hunt et al., 2011;
Doty & Kamanth, 2014) or increase in detection thresholds (Cameron, 2014) that accompanies aging. NP
MA females compared to NP YNG females exhibit poor performance (but still better than the MP MA
females). This data is consistent with previous studies. Rawson (2006) showed that with age, there is a
decrease in olfactory ability and loss of function, including but not limited to loss of olfactory receptor cells,
and there is an increased likelihood of nasal disease from cumulative damage to the olfactory epithelium
from viruses and environmental factors (Loo et al., 1996), ossification of the cribiform plate and decrease
in function associated with neurodegenerative disease (Doty & Kamanth, 2014). Because the NP Yng
females' performance is consistent with previous findings for young animals, and the NP MA females'
performance is consistent with previous findings for older animals, it gives credence to the observed
findings in this study and supports the conclusion that reproductively experienced females have a
decrease in olfactory ability as they age.
Anxiety
The existing research on parity's mitigation of anxiety is inconclusive. Some studies show that
parity mitigates anxiety-like behaviors (Rima et al., 2009; Macbeth & Luine, 2010; Walf & Frye, 2008;
Wartella et al., 2003) and CORT levels (Pawluski et al., 2009) while others show no changes in anxious
behaviors influenced by motherhood (Belgrave et al., unpublished; Byrnes & Bridges, 2006; Macbeth et al.
2008). In this study, consistent with previous data in this lab, reproductive experience showed no effect
on anxious behaviors for latency to approach a novel object or on the EPM. As indicated in the
introduction, less anxiety is reported in pregnant post-parturient and lactating females as measured on
the OF and EPM (Wartella et al., 2003; Neumann, 2001; Fleming & Leubke, 1981; Hard & Hansen, 1985;
Vilela et al., 2012). The current assessments were made approximately 6 weeks and 3 months (first
experiment) following weaning and suggest like the results of Macbeth et al., (2008) that decreased
anxiety is not long lasting. However effects of anxiety may depend on degree of parity (number of litters)
and pup/dam interactions (Lonstein, 2007; Russell et al., 2001; Lambert et. al., 2005).
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In contrast, OF results differed from those on the EPM in that NP MA females exhibited
significantly more rearing and wall climbing behaviors as compared to the MP MA females and the NP
Yng females respectively. Thus, some anxiolytic effects on the OF are seen due to parity. Some studies
posit that aged animals exhibit more anxiety (Moretti et al., 2011; Walf et al., 2009) and animals resort to
anxiety reduction strategies like self-grooming (Rima et al., 2009). Aged animals have been shown to be
vulnerable to a heightened stress response because of age-related dysfunction (Shoji & Mizoguchi, 2010)
and may be a contributing factor to the NP MA females’ behavior in the OF. The rearing and wall-climbing
may function as coping behaviors. In summation, the data show that parity may mitigate some but not all
anxious behaviors.
Stress Responsivity
Previous studies indicate that parity is associated with a dampened stress response (Neumann,
2000; Leuner & Shors, 2006; Hard & Hansen, 1985) that can protect reproductively experienced females
from the negative effects of stress on behaviors such as learning (Maeng & Shors, 2012). Wartella et al.
(2003) found that females with reproductive experience show reduced stress responsivity on the OF and
significantly reduced expression of C-fos in the CA3 region of the HIPP and the basal lateral amygdala.
This data suggests that maternity facilitates advantageous changes in brain areas associated with stress
responsivity. Changes in stress responsivity could also result in altered basal and/or stressed levels of
CORT.
When subjects in the current study received an acute restraint stressor, MPMA females showed
significantly higher CORT levels compared to NP MA females. These results suggests that parous
females have a heightened, not dampened, stress response at least in relation to non-parous females of
the same age and was not expected. Reduced anxiety and stress responsivity observed with motherhood
allow for mothers to meet the demands of motherhood (Rima et al., 2009; Kinsley et al., 2014), but these
benefits don’t appear to be consistently preserved past weaning. Further experimentation is necessary to
verify these results and to determine possible bases for the enhanced stress response in the multiparous
middle-aged females as compared to non-parous females.
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Neural Measures
NP Yng females have a higher total number of MC cells in the MC layer of the OB compared to
MPMA females in the current study, which highlights a positive relationship between the behavioral data,
optimal function of HAB 3 test may be related to MC cell number in an olfactory associated brain area.
Consistent with these findings, previous research has shown the same result of better olfactory
performance/function and higher MC number in females (Hinds & McNelly, 1977). The NP MA females
had less MC’s, and the MP MA females had significantly less MC’s as compared to the NP Yng. Forbes
(1984) found, in Fisher 344 rats, an 18% decrease in numbers of MC of 18-30 month old animals
compared to 3-month old animals. Taken together these data imply that reproductive experience does not
mitigate negative effects of aging in olfactory ability, but may instead be detrimental, though further study
is needed.
Spine density of semi-lunar cells in the PC showed no significant differences between groups.
This cell population was selected because it receives olfactory sensory inputs from the lateral olfactory
tract, which synapses on glomeruli in the OB. In addition, layer II of the PC shows no significant age
effects in proportion of axons and terminals. Layer 1a though shows a modest 18% decline in dendrites
and spines with age, indicating that the area remains relatively unchanged in aged animals (Curicio et. al.,
1985). These characteristics make the PC an ideal area to investigate for changes associated primarily
with parity. The lack of differences in the PC with this cell population does not definitively determine that
there are no long-term parity associated changes in the olfactory system. The organization of the
olfactory system may influence where and at what level a change may occur and examining this brain
area was a preliminary step. Considering that the olfactory system sensory projections extend to various
other areas of the brain including sensory cortical association areas, additional areas should be explored.
Conclusion
The data suggest a relationship between olfactory behavior and brain morphology, specifically
cells in the MC layer of the OB. Reproductive experience appears to be associated with a diminution of
olfactory ability and loss of MC numbers with age. Because some results did not reach statistical
significance, further study is needed. An increase in the n for each group might lead to significant results,
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because olfaction tests have a larger variation than the cognitive tests. Analysis of older subjects may
also be valuable as age-related changes become larger with advanced age, which would allow for
preservative as well as detrimental effects to become more apparent.
Another important factor to consider for future experiments is that olfactory enhancements, in the
context of the motherhood experience, are largely related to pups and pup care (i.e. identification of pups).
The odors used in these tasks/assessments most likely were not experienced in any relation to pup/
conspecific specific odorants and thus they may not have elicited a response that reflects any long term
maternal associated enhanced behavior.
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Chapter 5:
•General Discussion
•Limitations
•Future Directions
•General Conclusion
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Based on the findings from previous studies described and the current work, parity
neuroprotective in the HIPP as is evident in preservation of spatial memory task performance and spine
density. We were interested in investigating whether the acute behavioral, anatomical and hormonal
adaptations that occur during reproductive experience are preserved with aging.
Anxious behaviors do not appear to be consistently affected by parity or age based on the results
from these studies. In both sets of experiments, (chapters 3 and 4) females did not show any significant
differences between groups in exhibition of anxious behaviors on the elevated plus maze or in the latency
to approach a novel object. Since the females were tested 5-6 months following weaning of the last litter,
these results indicate that parity does not have long lasting effects on anxiety. Females may only have a
decrease in anxious behaviors during the actual motherhood experience and for a short period thereafter.
On the open field task some anxious behavior was attenuated with age. NP Yng females
exhibited more overall activity as compared to the other 2 groups of middle-aged females. This was
expected considering that with age, mobility deficits are evident (Horner, Russ & Biknevicius, 2011). In
addition, NP MA females significantly exhibited more rearing and wall-climbing, both behaviors that have
been associated with anxiety (Rima et al., 2009; Zimprich et al., 2014). Thus the NP Yng and MP MA
females were not as anxious, based on their behavior. Previous research has shown that anxiety is less
easily regulated in older animals aged 18 and 24 months versus younger animals aged 2 and 8 months;
Thus, stress reactivity may be more variable with age (Cizza et. al., 1995). This may be one of the
contributing factors to the anxious behaviors observed in the NP MA female as well the lack of differences
seen between the groups.
MPMA females exhibited higher corticosterone levels as compared to the age matched NPMA
females following an acute restraint stress. However, it was shown that corticosterone levels were not
significantly different between any of the groups when they were not exposed to a stressor. These
findings indicate that MPMA females exhibit a higher response to stress compared to non-parous agematched and young females. These findings were unexpected, but increased variability with age may
obscure any preserved stress response attenuation as a result of parity. Rima et al. (2009) showed that
parity has an additive effect on maternity-induced reduction of fear/stress responsivity. In their study, MP
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MA females showed the lowest stress response compared to nulliparous and primiparous females. They
posit that the reduction in anxiety is a beneficial effect of habituation to the motherhood experience.
Females may have acclimated to the stresses of pregnancy, birth, lactation and pup care, thus their
response during and immediately after that time may still be affected. Together with the current data it,
appears that the beneficial attenuation of stress and anxiety is acute and time sensitive for the HPA axis.
Reduction of a stress-induced response in a female who has pups is necessary because the
postpartum environment is stressful. The presence of pups, their ultrasonic vocalizations, the distinct
odors that accompany pups (amniotic fluid, blood, and their bodily waste) all are stress inducing
contributions to the postpartum environment (Rosenblatt, 1975; Levy, Keller & Poindron, 2004). The
diminution of the stress response to the stressful neonate environment may be an adaptation to aid the
female’s ability to care for and protect the offspring, which with other behavioral
adaptations/enhancements promote survivability. Nulliparous females find this environment stressful/
aversive and react in accordance, usually with fear-associated behaviors (Levy, Keller & Poindron, 2004).
Non-parous rats that experience an aversive stimulus show higher stress and anxiety responses
compared to parous rats, which exhibit a muted stress response (Rima et. al., 2009). This attenuation of a
stress response is observed during pregnancy and into the postpartum period primarily (Macbeth et. al.,
2008). The females in these experiments did not consistently show attenuation of the HPA axis. This may
be due to how long after the reproductive experience these parameters were assessed or the
modifications are effective, but temporary.
Long-term modification/attenuation of the stress response may not be evolutionarily
advantageous and account for the lack of significant differences in CORT levels between groups. If
stress induced by pups and the postpartum environment initiated a stress response that is too aggressive
or aversive, it would result in the death of pups and the ultimate inability for the species to survive.
Maintaining an attenuated response during this critical time is important to pup survivability, but, not
mounting a sufficient response in a non-maternal situation may be dangerous and life threatening. The
stress response is a hard-wired response to promote appropriate behavior in response to stress (Myers,
McKlveen & Herman, 2012). If females are not responding to a threat appropriately they may die or be
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injured, because they are not sufficiently aroused to induce a fight or flight response. On the extreme end,
long-term stress can negatively affect brain morphology, neurochemistry and behavior (Bowman, Beck &
Luine, 2003). Thus, from an evolutionary perspective long term attenuation of the stress/fear response
would not be in the best interest of the organism and may account for the lack of long lasting stress
responsivity attenuation or changes in serum CORT.
A similar argument can explain the lack of differences found in OT levels in the current studies.
One function of OT in the brain is to work in conjunction with estrogen to regulate maternal behavior, as
well as an anxiolytic to attenuate the HPA axis stress response. OT’s higher concentrations in the blood
may contribute to the acute regulation of stress responsivity in maternal females during the motherhood
experience in addition to its other functions directly related to motherhood (Uvnas-Moberg, 1997). Thus,
increased levels of OT may not be necessary after cessation of motherhood.
The hormonal environment during pregnancy plays a role in plasticity of the maternal brain during
the pre- and postpartum experience. Shingo et al. (2003) showed that there is a significant increase in
neurogenesis in the sub ventricular zone in pregnant mice. This increase is facilitated by an upregulation
in circulating prolactin, a hormone secreted during pregnancy and well into the postpartum period.
Wartella et al (2003) suggested that the changes seen as a result of parity can be long lasting based on
the acute changes still present post weaning. This and other data are in concurrence with the findings in
the current studies. The motherhood experience creates a unique hormonal environment that facilitates
neuronal plasticity.
A main finding of this thesis is the neuroprotective effects on the HIPP and HIPP-associated
behaviors that are associated with parity possibly due to maternal hormones. Previous research has
shown that parity promotes better spatial memory performance (Macbeth et. al., 2008; Zimberknopf et. al.,
2011; Cost et. al. 2014) and pregnant females have higher dendritic spine density in the HIPP (Kinsley et
al., 2006). Maternity hormones, such as estrogen and progesterone, are primary contributing factors to
these changes (Kinsley et. al., 2006). The HIPP is responsive to maternal hormones and spine density
can fluctuate with the estrous cycle (Kato et. al., 2013; Prange-Kiel et. al., 2008). Woolley & McEwen
(1993) showed that dendritic spine density in the CA1 fluctuates with changing levels of estrogen and
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progesterone during estrous cycle. In the same study, females were ovariectomized (OVX) and estradiol
dropped to undetectable levels after 24 hours. OVX females were then administered estradiol benzoate
and an increase in spine density was observed 24 hours post injection. In the same study, progesterone
was shown to be biphasic, where progesterone accompanies an increase in spine density when estrogen
is present, but facilitates a more rapid decrease in spine density than when estradiol is alone. It has been
widely established that estrogen facilitates rapid as well as long-term modulation of spine density in the
HIPP (Gould et.al., 1990; Oguie-Ikeda et. al., 2008; Luine & Frankfurt, 2008).
Another factor contributing to the effects of parity on HIPP structures and function may be
enrichment provided by the pups. Multiple stimuli including cognitive, sensory, social and motor contribute
(Sale, Berardi & Maffaei, 2014), to facilitate brain and behavioral plasticity during the motherhood
experience (Leger et. al., 2014). An enriched environment enhances neurogenesis in areas of the HIPP
such as the dentate gyrus (Kempermann, Kuhn & Gage, 1997; van Praag, Kempermann & Gage, 2000;
Nithianantharajah et. al., 2004), preserved HIPP spine density (Rojas et. al., 2013) and increases spine
density (Workman et. al. 2009).
Results also show that the prefrontal cortex is affected by parity since spine density differences
were found among females with different parous experiences. Hormones and environmental enrichment
have been shown to affect the PFC (Almey et al., 2014; Sabihi et al., 2014; Tuscher et al., 2015; Garrido
et al., 2013; Del Arco et al., 2007). In addition, the PFC contributes to recognition memory (Luine, 2015)
and possibly HIPP neurogenesis (Liu et al., 2015). However, spine density in the amygdala, which
underlies anxiety and contributes to the stress response, was not altered by parity in the current studies.
This area may not exhibit long lasting neural changes, and thus only appears responsive to gonadal
hormones and enrichment during the immediate maternal environment (Rasia-Filho et al., 2004; de
Castilhos et al., 2008; Rasia-Filho et al., 2012). In the olfactory ability studies, some significant changes
(HAB 3) were found in olfactory acuity or sensitivity between young non-parous or middle-aged parous
females. However, it must be taken into account that the high variability and other factors discussed
previously could be interfering with detection of possible differences. Together, these findings and the

93

results reported in this thesis support the idea that only a few areas of the brain show long lasting neural
changes due to parity (see below).
Also to be considered is the organization of the olfactory system and the manner in which
olfactory sensory information is processed. Possible differences as a result of parity and aging could be
occurring at a higher level of processing in the brain for example in the association and integration
cortices (Gottfried, 2007). The periphery of the olfactory system is highly plastic and olfactory signaling
shares multiple connections with the limbic system, as well as memory and emotion associated brain
areas such as the amygdala (Otto & Eichenbaum, 1992). Olfactory receptor function and perception are
not static. Odor-topic maps, glomerular organization and odor spatial maps are highly dynamic (Wilson,
2001). Because of this changeability, there may not have been any long-term changes at peripheral, and
early levels of processing due to parity of aging.
There are some notable trends in the olfactory findings. MP MA females exhibited poor retention
of MC’s compared to their age-matched counterparts. The MPMA females have the lowest numbers in
total cell counts in the MC layer of the OB. Though not statistically significant, the trends in the neural
and behavioral data are surprisingly consistent. In the sensitivity task, habituation trial 1 MP MA females
spent the least amount of time engaged with the odor presented. Additionally, in the dishabituation test
trial and the difference score (between HAB 3 and the dishabituation test trial), MP MA females spent the
least amount of time with the odor. These data are the opposite of what was hypothesized and expected.
Given the fact that olfaction plays an important role in maternal behaviors the results from the current
studies seem to indicate that olfactory enhancements are exclusively utilized during the immediate
motherhood experience and not maintained past that critical time. However, additional testing is
necessary to substantiate this view.
The lack of evidence for long term enhancements in olfactory sensitivity and acuity may be a
result of rodents being largely olfactory dependent animals. Acute enhancements during bouts of
motherhood inclusive of birth and the postpartum period may be temporary and specific to the maternal
experience. In the current study, we see MP MA females performing poorly compared to nulliparous
young females. The enhancements seen associated with maternity may be conspecific-specific odor
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sensitivity. The enhancements may only be seen and functionally realized in a maternal situation. This
result could relate in part to the dam being primed to pup/maternity related odors and in their absence,
there is a functional deficit.
In the PC, which receives olfactory projections, the spine density of the semi-lunar cells exhibited
no significant differences between groups. This result could be circuit/functionally based. The PC was
chosen for analysis because of axonal projections from lateral olfactory tract, which is responsible for the
transference of peripheral olfactory sensory information via MC axons, which project to the PC (Zou,
Chesler & Firestein, 2009). The pathway from the periphery to the brain is short for olfactory signals and
has relatively few synapses between olfactory receptor and olfactory processing brain areas. The PC is a
transient location for the olfactory information on its way to higher level processing in associative cortices.
Olfactory information is highly associative. It is linked to the amygdala (emotion, maternal behaviors etc.)
as well as the HIPP (memory consolidation). The PC may be too early in the olfactory sensory processing
chain to detect any long-term permanent changes. In the future, evaluating higher-level associative
regions in the olfactory cortex and the olfactory/gustatory cortex for spine density and cell number may
provide a neural basis for the behavioral results.
The MC receives olfactory afferents and is the principal cell in the OB, thus, it is a primary cell
type to investigate for changes associated with parity. MC counts showed that the MP MA females had
significantly less MC cells as compared to the NP Yng females. The MC cell number was not significantly
different from the NP MA females. While aging does lead to deficits and less effective olfactory ability,
but it is not singularly responsible. Environmental assault, structural damage to the cribiform plate or the
nose, and other external factors all contribute to the loss of optimal function (Doty & Kamath, 2014; Loo et
al., 1996 Rawson, 2006). In this experiment however, the loss of cells in the MC of MPMA females
corresponds to the generally poor olfactory sensitivity and acuity performance by this group.
The maternal behavior repertoire is very adaptable. Females begin exhibiting behavior that they
typically do not use in a non-motherhood state. The neural, physiological and behavioral changes that
occur as a result of motherhood are unique in their flexibility and adaptability. These behaviors allow for
the mother to alter her behavior in ways that will increase the survival of young. During the time
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immediately following birth and the rearing of young, females lactate and exhibit arched back behaviors,
licking and grooming behaviors, increased foraging (to eat in order to meet caloric requirements for
successful lactation), as well as nest and pup identification (Kinsley, 2008). In the current set of studies
we investigated whether these adapted behaviors are preserved past the time of weaning, and
specifically after multiple bouts of the motherhood experience. Spatial memory enhancements are one
maternal associated behavior that is preserved past the reproductive years. Dendritic spine density in
areas of the brain associated with memory (specifically the CA1 area of the HIPP) showed a preservation
of spine density well past a female actively caring for her pups. Spatial memory enhancements are
directly relevant to neonate care, but after the pups are weaned and not under the direct care of the
mother, spatial memory is still an aspect of cognition that the parous female utilizes even outside of the
context of parity. Thus, being parous resulted in acute enhancements in spatial memory, but possibly
because females use spatial memory outside the context of caring for their pups the enhancements are
preserved.
Limitations
There were several limitations that may have affected the significance of results found with these
experiments. The first concern was the use of a relatively small group size, which led to high errors. The
young and middle-aged nulliparous female rats were obtained from the National Institute of Aging Colony
and were in limited supply and expensive. Thus, the use of larger sized groups was not possible. The
group size issue did not affect results in the memory, anxiety, or open field testing or in spine counting,
but it was a concern in the olfactory testing. The olfactory tasks were not previously established in our
laboratory. While all olfactory tasks were researched and pre-tested on young rats, there was
considerable variability in the groups. There may have been confounding variables that affected the
outcomes including, but limited to, confounding odors in the room. Olfactory tasks can be influenced by
odorants that are not part of the assessment if the testing environment is not highly regulated and set up
to run olfactory assessment tests specifically (i.e. a chamber that limits odorant exposure to only the
experimental odors). It also appears that there was larger variation in the middle-aged groups than in the
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young group, which was not anticipated. Thus, the addition of another cohort of subjects to the olfactory
behavioral tests may allow for trends to become statistically significant.
Future Directions
The research in this thesis answered some questions but raised questions as well. We found that
the motherhood experience is neuro-protective to spatial memory and to spine density in the CA1 region
of the HIPP and the mPFC. Verification that other hippocampal behaviors such as conditioned eye-blink
are also preserved in middle-aged parous females would be important (Wood & Shors, 1998; Wood,
Beylin & Shors, 2001; Bangasser & Shors, 2004). We did not see neuroprotection of object recognition
performance, a task requiring prefrontal cortex input, thus further investigation of a prefrontal cortical
associated behavioral test would be beneficial. An attentional set-shifting task could be considered
because Barense, Fox & Baxter (2002) found that aged animals exhibited impairments in this
independent of hippocampal function.
Another future line of inquiry would be to measure spine density in other areas of the amygdala.
The amygdaloid complex is highly compartmentalized both anatomically and functionally. Even within
specific nuclei there is segmentation. The medial nucleus of the amygdala is segmented into dorsal and
ventral aspects and within each of those anterodorsal /ventral and posterodorsal/ventral areas. It can
even be further segmented and categorized according to cell type and function (de Castilhos et. al., 2006).
The posterodorsal medial amygdala (MePD) expresses receptors for sex steroids and plays a role in
modulating social behaviors (Rasia-Filho et. al., 2012) and thus may be pf particular interest.
Further investigating a possible neural mechanism underlying the neuro-protective benefits of
motherhood would be a wise future research direction as well. The importance of maternal hormones
including estrogen to the motherhood experience were previously discussed. Estrogen in fact plays a
significant role throughout the life of females, through the reproductive years into senescence Estrogen
facilitates better cognitive function, synaptogenesis and spinogenesis in key brain areas associated with
memory (Hara, Waters, McEwen and Morrison, 2014). Exposure of middle-aged rats to estradiol for only
a few weeks had lasting positive effects on spatial memory up to 8 months post exposure (Rodgers,
Bohacek & Daniel, 2010). More importantly, they found that the estrogen exposed middle-aged animals
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had increased levels of estrogen receptor alpha (ER-alpha) in the HIPP which may contribute to the
effects on memory. It would be interesting to determine if there is a link between ER-alpha expression in
the HIPP and parity, which would provide a mechanism through which the neuroprotection associated
with parity may work.
General Conclusion
Reproductive experience for a female is not a singular event that effects change and then the
female reverts to the pre-parity biological and neurological status. Given the data from this work and
existing research, some parity changes are evident even as a female ages.
The findings in these experiments contribute to the fast growing body of work that is
characterizing aging in females. Understanding how typical as well as non-typical experiences of females
influence aging is important given that according to the National Institute of Aging and other government
agencies, our aged population will triple by 2015 (Kinsella & He, 2009) and that women will constitute a
large proportion of this group (U.S. Census Bureau, 2014). Thus, investigating and understanding the
contributions of the unique female life experience of reproduction and motherhood is critical for
researching and understanding the aging process.
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Appendix 1
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Tasks including the olfactory sensitivity tasks as well as the latency to approach a novel object
task exhibited high variability and thus could not analyzed using parametric statistical tests. Additional
analyses including log and square root data transformation were in order to normalize the data and
reduce variability. Following log or square root transformation Welch ANOVA’s and Spearman
correlations, both of which are non-parametric analyses were run. These results are displayed below in a
tabular format.
There were no significant differences found between groups in the olfactory sensitivity tasks or
latency to approach a novel object when analyzed using the Welsh ANOVA (see Table 7).
Table 8 displays Welch F-test using the log and square root of the average time spent with the
odor for HAB/DISHAB olfactory sensitivity tasks. The square root of HAB 3 reached statistical significance
indicating that there was a significant difference between groups concurrent with the findings using the
previous analysis.
Table 9 displays the log and square root of latency to approach a novel object. There were also
no significant differences between groups found when using Welch ANOVA.
Overall, these analysis showed that despite using additional statistical analysis that took into
account the unequal variances, attempting to normalize the data, significant differences between groups
was still not evident for most of the data with the exception of HAB 3 trial (which as mentioned was
consistent with previous analysis.
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Table 7. Welch ANOVA Test for Behavioral Tasks that violated Levene’s Test for Homogeneity

Task

Group

Mean

Std. Error

Welch Statistic

p-value

Latency to Approach
a Novel Object:
NPMA

30.25

18.36

MPMA

9.5

6.05

NP Yng

4.63

1.56

NPMA

7.97

2.2

MPMA

4.2

1.18

NP Yng

7.33

2.78

NPMA

.48

.33

MPMA

.59

.44

NP Yng

4.8

2.61

NPMA

.1

.1

MPMA

.39

.32

NP Yng

3.92

1.63

NPMA

36.74

5.12

MPMA

24.83

5.5

Np Yng

56.66

14.05

F= (2, 9.97) = 1.17

p = .349

F= (2, 12.31) = 1.35

p = .295

F= (2, 12.26) = 1.27

p = .315

F= (2, 10.21) = 2.88

p = .102

F= (2, 12.94) = 2.651

p = .108

HAB/DISHAB Task:
HAB 1

HAB 2

HAB 3

DISHAB Test Trial

Note: statistical significance for the Welch Test is determined based on an alpha level of .05
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Table 8. Welsh F-Test for Olfactory Sensitivity Transformations (Square Root & Log)
Task

Group

Mean

SEM

Welch-F

p-value

NPMA

2.52

.48

F (2, 13.252) = .646

p= .540

MPMA

1.82

.36

NP Yng

2.08

.65

NPMA

.34

.23

F (2, 12.98) = 1.63

p= .234

MPMA

.42

.24

NP Yng

1.52

.60

NPMA

.11

.11

F (2, 11.702) = 4.792

p= .03*

MPMA

.29

.21

NP Yng

1.58

.45

5.60

.43

F (2, 13.06) =2.464

p= .124

NPMA

.76

.15

F (2, 13.730) = .755

p= .489

MPMA

.51

.14

NP Yng

.64

.20

NPMA

.06

.05

F (2, 11.750) = 1.712

p= .223

MPMA

-.001

.09

NP Yng

.40

.19

NPMA

-.01

.01

F (2, 9.672) = 3.919

p= .057

MPMA

.02

.06

NP Yng

.43

.15

NPMA

1.53

.07

F (2, 12.821) = 2.006

p= .175

MPMA

1.32

.10

NP Yng

1.63

.14

Square Root
HAB 1:

HAB 2:

HAB 3:

DISHAB Trial: NPMA

Log
HAB 1:

HAB 2:

HAB 3:

DISHAB Trial

Note: N=8; p< .05*
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Table 9. Welsh F-Test for Latency to Approach a Novel Object (Lat. to App.) Transformations (Square
Root & Log)
Task

Group

Mean

SEM

Welch-F

p-value

F (2, 11.468) = .528

p= .604

F (2, 13.149) = .364

p= .702

Latency to Approach a Novel Object
Square Root

Log

NPMA

3.57

1.58

MPMA

2.10

2.44

NP Yng

1.85

.41

NPMA

.79

.31

MPMA

.55

.22

NP Yng

.49

.16

Note: N=8
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